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SUMMARY

Yatigue tests have been conducted to determine the effect
of bolt fit upon the lifetime of lap Joints of 248-T Alclad _
sheet of various thicknesses joined by steel Dolts and ~
designed for sheet failure under respeated loazding. - . -

Tests have been run in tension—tension and in tension—

compression on specimens Jnined by one bolt and on specimens

Joined by several bolts having. fecr anv one specimen, uniform

fit., Bolt fit has been varied frcm & “"press fit" to a —

"slcppy fit." Other variables have been examined- briefly

to determine their porsible importance. T e———
The most outstanding result is the relative unimportance -

of bolt fit, It appears that bolt fit has no prorounced

influence on joint lifetime under unidirectional loading. - -

The direct influence of bolt fit on 1lifetime under Teversed ==

loading also seems to be slight. While, from these tests,

bolt fit does not appear to influerce Fatigue strength, it

should be emphasirzed that loocse—fitting bolts permit T o~

. cbjocticnable slip and joint deflection and are undesirabdble,’

‘especially for joints under reversed loading. ST -

It has been observed that the use of two or more bolts
in line with the load increases-the fatigue strength, but -
not in proportion to the number of bolts used, T T

It has been observed that, for a given bolt diameter

‘apd a given bolt pattern, the fatigue strength of bolted
" lap joints does not increase in proportion to the sheet

gage used N =
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These conclusions should be limited, for multidbolt
specimens, $0 cases wnere all bolts in any spﬁcimen have
the same fit,. :

INTRODUCTICN

Data have been reported on the fatlgue propertles of
steel plates Joined by stwel rivets and on the properties
of sheets of light—metal alloys Joined by aluminum—alloy
rivets. (See, for example, references 1 and 2. ) However,
little information 1s avallable goncerning the fatigue
properties of sheets of lighi—metal alloys joined by h=rd
steel bolts. ©This report presents the results of an investi~
gation on the bahavior, under repeated loading, of bolted
lap Joints of 245-T 4lclad sheet materials.

The nain objectives of fthe investigation hmve been to
find out fto what extent the fatigue strength of bolted lap
Jointes is affected by such factors as:! bolt fit, number and
arrangement of bolts, and sheet gage (for a given bolt
diameter), "Fatigue strength" here means the load sustained
to complete fracture at sore lifetime under tension—tension
(at B = minimun/maximum load = +0,25) or under tension~
compression. (at R = 0,50), - Sl

The 1mporuant factor of bolt fit has been exsmined bv
testing otherwise similar specimens with bolt holes of
different clearances, DNominel clearsnces of —0.001, +0,002,
+0,Cl0, and +0.025 inck have been used. It has been a major
objective to learn whether exiremely close bolt fits are
needed to obtain maximum life of bolt Joints under repeated

stresees. L

Sczveral types of bolt patterns have becn tested: single—
bolt specimens, specimens with two bolts in line with the
load, specimens wilth three bolts in line with the loed,
specimens with a single row of three bolts, specimens with
two rows of three bolts each, and specimens with three rows
of three bolts each. In general, all bolts, in any nulti-—
bolt joirt, had the same fit. Nearly all test pisesces were
Joined with 3/8—inch—diameter steel bolis of aircraft
quality (AN6). The unthreaded length of the bolta was such
that the bearing was on the smoseth shank of the bolt.

3pecimens of 0.,107—, ana G.?Sb-inch sheet have been
tested both at the Battelle Memorial Institute and at the

I



NACA TX¥ No. -1030

University of Illinois and, thus, permit comparison of
results obtained on different machines and in different
laboratories. Specimens of intermediate sheet thicknesses’
(0.125, 0.156, and 0.187 in.) have been tested only at the
Battelle Memorial Institute; whkile specimens nf 0.375-~inch
sheet have been tested only at the University of Illinois.
About 950 specimens vere used in the inveatigation.
The greatest number for any one sheet gage was 400 for the
0.102-inch sheet. Fairly extensive tests were made for tvno
other sheet grges (0.1F7 and Q0.375 in.), and fever tests --
for sheets of the other thickness. o _ : e

This investigation, performsd jointly bv¥ the Battelle
Memorial Institute and by the Univercity of Illinoils, was
sponsored by, and conducted vwith the financial assist~nce of,
the National Advignry Committee for Aeronautics.

MATERIALS AND TEST MBETEODS

Materials

Sheets of 24S-T Alclad, each 4 by 12 feet, vere obtaired
from the Aluminum Company of America. Table 1 gives some
measured mechanical properties of the sheet materials and
indicates that these were within stardard values. Iin all ~
cases, pieces used for the bolted lap-joint ftest svecimens
were cut in the direction of rolling. -

For the most part, the bolts used were hexagonal-hesaded
7/8-inch-diameter steel bolts of aircraft guality (A¥6-6,
AN6-7, and AN6-11). One lot (of AN6-11) had notably less i
taper in the unthreaded shank (about 0.0002-in. change in =~
diameter to within 1/32 in. of the bolt head), and these
bolts were used rather extensively. Further details of
bolts used in special cases are given in the text.

Tegt Pileces

Figure 1 shows the specifications of the test sections
of specimens with various bolt patterns. Test pieces used
at both laboratories had identical test sections, and differed
only in the length of the reduced ssction and in details of
grip ends. These details are described in the anvendixes. ~
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Table 2 shows typical tolerances used in fittling the .-
bolts., The values quoted represent measurements on abdout
150 actual test pieces.

Except in a few instanzes, specifically noted in the
text, the initial bolt torgque was from 105 to 110 inch—
pounds on each bolt, This value is within the range
recommended for these bolts. (See reference 3.)

Table 3 gives values of static—failure loads for test
pieces of the type used in the fatigue tests. It may be
noted that:

l. There is no certaln evidence of an effect of—bolt o
fit-upon static strength, .

2. Increasing the number of bolte in the direction of *
loading increases the joint strength (up to
threes bolts) but decreases the load per belt.

1w

3. The static—failure load for a given type of apecihen
incrédases with increasing sheet gage.

Figure 2 shows typical sheet failures of single—bolt specimens
broken in static tests. These are similar to falluree reported
for pin—bearing tests of aluminum—alloy sheets (reference 4).
Figure 3 shows static failures of some multibelt specimens.

Machines and Testing Methods

Detalls of the testing machines and methods used in this
investigation are gilven in the appendixes, Only bdrief sum—
maries are inciuded here. '

Fatigue teste at the Battelle Memorial Institute were
made on Krouse, Direct Repeated~Stress Machines of two — -
capacities: (1) 4000—pound machihes running at 1500 cycles _
per minute, and (2) 10,000—pound hmachines running at 1200
cycles per minute (occasionally at 600 cpm). Loads were
corrected for dynamic inertial effects and were get and
maintained to adout £B percent.

For the 0.102~inch sheet specimens tested at the Univer—
ity of Illinois, three Moore—Krouse tension—compression £
machines were used., Each had a load cepacity of 3200 pounds.

Some tests were run at 1000 cycles per minute, but most tests ) -
at 600 cycless per minute,
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Tvo tvpes of machineg were used in the tests of Joints R
in 0.250~inch sheet and joints in 0.375-inch sheet. One is -
a direct~acting machine of 15,000-pound capacity and was
pperated at about 600 cycles per minute. The other. iswa
lever-type machine and ran at approximately 300 cyéles per T

minute. Special precautions wvere taken to minimige flexure o
6f the test pilecs. - T -

Details of gripping and loading specimens are also given
in the apovendixes. There were no particuler difficulties
concerned in tension-tension test. In reverssd-leading
tests, precautions were taxen to minimize bending stresses
during ths compresasion part of the cycle. Two general _—
schemes were used: S T

1. All specimens of 0.102-inch sheet tested at the
University of Illinoig were constrained from.
bending bv gulds plates. Most of the 0.102- inch
sheet specimens, and some sredimens of thicker _
gage, tested at the Battelle Memorial Institute,
were similarly constrained,. o N

2. Specimens of thicker sheet were generally tested
with short unsupvortesd lengths, or were sunported
laterally vith rods normal to svecimen and con-
taining a mlate fulcrum at esch erd, as shown.in
figures 60 and 61. -, T -

The guide-plate method was adapted from that developed at
the National Bureau of Standards (reference §5). Some data,
taken on similar specimensg by both methods, agree within
the precisisn of testing. (See Apvendix 1.)

FATIGUE TEST RESULTS FOR BOLTED LAP JOIFTS
IN UNIDIRECTIONAL LOADIYG .

Joints in 0.102-Inch Sheet

Tables 4, 5, 6, and 7 and figures 4 and 5 shov the results
of fatigue tests (at R-= minimum load/maxirum load = 4+0.25) made
at the Battelle Memorial Institute on specimens of 0.102-inch
gsheet., In particular, figure Y4 shows, on a load-life diagram,
results of tests on single—-bolt specimens and of tests on .
specimens with three bolts in the line of loading. Pigure 5
shows results of tests on specimens with two bolts in the line
of loading and of tests on wide specimens having three bolts
in a row transverse to the direction of loading. . E
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-

J.ri 8 8 and ¢ give the results of teste at the Univer— -
sity of illinois on single—bolt specimens, Tables 10 and -
11 give results of tests, made at the Universitv of Illinois,

on specimensg having two bolts in the direction of loadirg

and on a few wide apecimens having three bolts in a row

treraversz to the directiocn of 1oad*nga These data are

plotted on load-iifs diagrems in figure 6 (single—bolt speci—

menr) and figure 7 (two-bols epecimens) The few results

of teste on three—boult specimens heve nct been plotted;

these results conform clesely te those obtained at the

Battelle Mcomorial Institute., (See fig. B.)

In each figure, actuval test values are indicated by _. __
points with different symbols to designate dilfferent bLolt
fits, A ifull-line cuvrve, drawn through each set of pointe,
represents an “average’ loasd—life curve for the correspond~ R
ing type of joint, Oomparison of surcngtﬁ of Joinus of L
different bolt patterns and, later, of Joints in different
thickneesos ©f sheebt will be made from tnese average curves,

ithin the scatter of points for any onre ﬁype of joint,
the results plotited in figures 4, 5, 8, and 7 show l1ittle -
ovidsasnoe of an offect of bolt fit upen fatigue strength,

Figure 8 shows fatigue failures for specimens of 0,102-
lnch shcet tested at the Battelle Memorial Institute. A&
fatigus crack always started either at the ecdge of a bolt - iz
hole (fig. 8A) or near & bolt hole in some regilon showing
adrasion {(fig. €B) due bto the bolt head or washer prossing .
against the sheet. These two types of failure appesred X =
about equally cften, and there secomed to be no correlafion
of lifetime with the position of the incéption of the
fatigue crack. Figure 80 shows typicanl progression of
cracks between bolt holes and from bolt hole to esdge of -
gpeciren., Similar fallures ware obtained in the ftests )
made at the Uaiversilty of Tllinois. - —

Joints in C.17206—Inch Sheet and Joints in 0,156—~Inch Sheet
Rasults of tests at R = +0.76 on svecimensg of 0.125~
inch sheet are given in tables 12 &nd 13 and are plotted on
load—11ife diagrams in figure 9. Two specimen types were
used:! single—dbolt specimens and specimens having three bolts :
in the line.of loading. - L.

Peble 14 gives results end figure 10 shows a load--life
curve for single—bolt specimens of Q.166~inch sheet. 2
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These resaults show no definits effect of varying the
'bolt clearance from +0,002 tc +0.010 inch, PFatigus failures
were like those shown (in fig.8) for specimens of 0,102—
inch sheet.

Joints in 0.187—Inch Sheet

Tatles 15, 16, and 17 give the results of tests on
bolted joints of 0.187—inch sheet. Figure 11 shows ths e
results of tests on single—bolt joints. Figure 12 shows
- results of tests on specimens having two bolts in the di-
rection of loading and of tests on wide specimens having a
transverse row of three bolts, The results indicate little
effect of bolt fit upon fatigue strength, TFallures were
similar to thoss already described for thinner sheet.

Joints in 0.250-Inch Shees

Tables 18 and 19 and figure 13 show results of tests on
lap jointe of 0.250—-inch sheet fastened by single bolts.
14 may be noted that the few values obtained at the Battelle
Memorial Institute show higher strength for lifetimes around T
10% cycles than values obtained at the Unlversity of Illinois, T
Careful examination of testing records gives no explanatlon,
and further tests would be needed to resolve the discrepandy.” ——

The two bolts fits used for the 0.750-inch sheet caused
"no significant difference in fatigue strength. ) — -

Joints in 0.%75~Inch Sheet

Tables 20, P21, 22, 23, and 24 and figures 14, 15, 16,

17, and 18 show results of fatigue tests at R = +0.25 C—
on specimens of 0.,3785—inch sheet having, respectively, one
bolt, two Dolts in line with thes load, three bolts in line
with the load, two transverse rows of three bolts each, and
three transverse rows of three Polts each. These results
indicate little evidence of an effect of bolt fit upon
fatigue strength under unidirectional loading. o : N

Figures 12 and 20 shoiw typical fatigue fallures of
bolved jJoines of 0,375—inch sheet. All fatisue fallures
were in the sheet (in contrast to some static fallure by
shearing bclts), and fatigue cracks started either at the
edge of a bolt hole or a2t a region, near a bolt hole, showing
evidence of abrasion bv bolt head or washer. . -
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FATICUE TEST RESULTS FOR BOLTED LAP JOINTS
I¥ REVERSED LOADING

Jointa in 0.102-Inch Sheet

Table 25 gives the results of tests at R = —0.50 made
at the Pattelle Hemeorial Institute on single—bolt specimens
of 0.105~inch sheect. PFigure 21 shows these resulis on &
load—1life diagram. Jointes having loosely Ffitting bolt®s do
not appear significantly strongsr in these tests than jointsa
with snuegly fitting bolts. However, it should be noted that
there are reclatively few points in figure 21 for joeints with
locgsely fitting bolts tested at relmatively high loed values.
This reflects difficulties (discuédsed in a leter secticn)
of running reversed—load tests cn jointe with locsely fitting
bolts.

Tables 26 and 27 and figure 22 ghow results of the
Battelle Memorial Institute tests at R = —0.50 on specimens
with two bolts in linme with {he lozd and on wide specimens
having a transverse row of three bolts.

Figures 23 and 24 are load—1ife diagrams containing
results of tests at the University of Illinois on single—
Polt specimens and on two—bolt specimens. Data, from which
these graphs are plotted, are given in tables 28 and 29.

Feona of the test results indicates any direct influencs
of beolt fit upon fatigue strength at R = —0,50, In most
cases, however, the abesence of many points for specimens with
loosely fitting bolts is significant of indirect infiuence of
bolt fit.

Fatigue failures for specimens tested at R = —Q.50
were generally similar to those already described for tests
at B = +0.25,

Joints in 0.125—Inch Sheet and Joints in 0.158—Inch Sheet

Tables %0 and &1 and figure P5 show results of teste on
single—bolt specimens of 0,126—inch sheet and of 0.156—inch
sheet. These tests were made at the Batielle Memorial

Instituse.

i
i
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Joints in 0,187—Inch Sheet

Tables 32 and 33 give results of tests made at the
Battelle Memorial Institute on bolted Joints of 0.187—inch
sheet. —

Figure 26 is a load—life diagram for single—bolt speci—
mens. Only specimens with tightly fitting bolts were able
to be tested at high loads (cau51ng failure in less than .
10% cycles). A few specimens with loosely’ fitting bolts -
wers tested .at low loads and showed no signlficant difference
in lifetimes under low loads. ' Tl T -
Figure 27 shows results of tests on specimens having _
two bolts in the line of loading. Note that several speci— = y
mens with bolt clearances of 0.C5C inch were tested and
showed lifetimes as long as those for specimens with goo&—
filtting bolts. o

Limitaetions of the testing machines made it impracticable
to test specimens of 0.187—inch shee? with more than two
bolts, - ST

Joints in 0.R25C—Inch Sheet

Table 34 and figure 28 show results of fatligue tests
(at the Battelle Memorial Institute) at R = —0.50 on
single-bolt specimens of 0.260—inch sheet. Only two bolt
fits were used: a "$ight" f£it (0.000~ to 0.001-in. clear— - T
ance) and a "drilli" fit (+0.002—in. clearapce),' No differ— '
ence in fatigue sitrengths resulted. _ S -

Joints in 0.375—Inch Sheet

Tables 35, 36, 37, and 38 give results of tests at
R = 0.50 made at the Unlversity of Illinois on bolted joints
of 0,375—inch sheet.

Figures 29, 30, 31, and 32 show the results of tests on
specimens having, respectively, two bolts in line with the
1-ad, three bolts in line with the load, two transverse rows
with three bolts in sach row, and three transverse rows with
three bolts in each row. For each specimen type, press—fit
bolts (about 0.001—in. press) were used. For one pattern _ -
(three rows of three bolts each), specimens having bolt fits
of 0.025 inch also were tested. Figure 32 indicates that
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these specimens vith loosely fitting bolts were as strong G
in fatigue ag specimens with tilghtly fitting bolts. FEow-

ever, the absence of cther tests with loosely fitting bolts

is significant. Attempits to test specimens having two

boltes or three bolts (Pypes B and C, fig. 1) with "loose"

fits were unguccessful, Bolt slip caused difficulty in

mainteining the range of load and, in some cases, led to . —
failure of bolts.,

Fatigue failures for the test® irndicated in filgures
29, 3C, 31, and %2 were all sheet fallures and were like
those for unidirectional tests. (See figs. &, 19, and 20.)

RESULTS OQF AUXILIARY TESTS

The preceding seclions of this report confein the
experimental results of tests planned in the original pro-
granm of rogearch. As the investigation procesded, it
appesared desirable to maeke certain auxiliary tests. The
results of such additional experiments sre given in fthis
section.

Some of the auxiliary testas vsesre planned to examine
very briefly possible effects of facters (such as tvpe of
bolt, bolt torque, and bolt size} wvhich had been intentionally
held constant dvring major portion of the invsesstigation. —
Other fests (fatigue tests of unnotched and of notched
sheet naterial, measurements of friction in bBolted lap
Joints, ~and measurements of bolt slip during fatigue tesgt-
ing) sought mars complete understanding of the fatipue
propertiseg of boltsd lap joints.

e

FEech of these auxilisry tests wag brilef; go the )
resulting data are gufficieut only to outline possible _
trends. Nevertheless, cesrtaln of the results suggest o
important limitaetions that should be kept in mind in
applying any conclusions from this 1invastigation to prac- .
tical airecraft degsign problems. '

Joints with Countersunk Bolts

The original program for thig investigation included
several -tests with countersunk steel boltas. However, it
was found difficult to obtaln suvch bolts with smooth shanks,
A very few, obtalned through the courtesy of the Curtigs- -
Wright Jorporation, were used to make some single-bolt ' a
specimens of C0.156-~inch sheet. '



NACA TH No. 1030 11

Figure 33 indicates the types of specimens (with bolts
countersunk entirely through the top shest so as to give
a flush surface, and with bolits countersunk half as &eeply),
and shows the results of fatigue tests in unidirectional
loading (at B = +0,25), The test data are given also in ’
table 39. These tests indicate that countersunk bolis
may produce joints coasiferahly weaker in fatigue than B
Joints made with hexagonal—headed bolts. Co

Joints with Bolts Drawn to High Initial Toraues
For all tests desecribed so far, each bolt was initially
tightened by a torgque wrenck to 105 to 110 inch—pounds.
Several specimens assenbled with higher belt torques have
been tested in faligue to determine, driefly, possidle
effects on fatigue strength. ' :

Saeveral single—~bolt specimens of 0.102—inch sheet
were assecbled with 180 inch—pound initial bolt torgue - -
and tssted in unidirectional loading (at R = +0.25) with o
the following results: -

Bolt _clearance Load Lifel _
190—in,—1b Lifelof similar specimen
torque with 108—in.—1b targue
(in.) (1pv) (cyeles) (aycles)

—0.001 te 0.000 2500 64,700 gO,QOO to 120,000
+.602 2500 94,100 70,000 to 160,000
+.002 1150 1,638,100 700,000 to 1,600,000
+,010 2900 41,000 40,000 %o 100,000
+.025 2700 77,100 60,02C to 120,000
+,025 950 1,057,400 1,000,000 to 4,000,000

'Life estimated from scatter bandg of data givén in tabdle 4.

Thus, within the precision of testing, there appeared toc be
no effect of increasing the bolt toroue. Measurements, des—
cribed later, showed the increased bolt torgue 4id increase
the static frictional force between the lapped sections.
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In reversed—loed testing (at B = —0,50), higher tcrques
decreazed difficulties of testing single—bolt specimens with
loocsely fitting bolts. This is illustrated in figure 34,
which shows date from table 40 and a lcad—life diaggram.
Singla-bolt (%looss f1t") specimens could be run at succes—
sively higher maximum load values, provided higher initisl
torques were usel. Comparlscn with the curve in filgurs 21l
(showing high load values for specimens with tight—fitting
bolts) shows no incresase in lifetime due to the increased _
torcue.

Joints with Bolts of Different-Diameters
The tests se fer described have included specimens of

several shaet gagos, but joined only by 3/3—inch—diameter
bolts. Sinele—tolt spacimens of 0.125—inch shest were made

using two additianal boll sizes: (1) 7/16—1nch—diamet°r bolts _

machined from cold—rolled hezagonal steel bars, &and (2) 1/4—
inch—diameter commercially .hardened. steel bolts. -~These . I
specinens were tested in FTatigue at R =+0.25, and the
resvlts are given in tadble 41 and indicated on the load—lifg
diagram of figure 36,

Fetigus éfrengthgifat R = +0.25 and at vartous lifetimes,

are tatulated in tzble 42 in terms of D/t (ratic of diameter
of bolt to thickness of sheet). From these few tests, 1t _
appears that the fatigus strength of a bolited lap Joint varies
both with the D/t ratio and with the sheet thickness.

These results are, however, insufficient for definite gon—
clusions, o ) ’ ) '

Multibolt Joints with Nonuniferm Bolt Fist

Table 43 gives the results of fatigue tsste at R = +0,25
made at the Battells Memorial Iastitute on specimens of 0,102—
inch sheet having two bolts (one tight fit and one loose fit)
in the direction of loading, Comparison with the values
given in table B, and plotted in figure 5, shows that the
specimenes with nonuniformly f4itting bolts hed adbout the same
iptinue strength as similar specimens with uniformly fitting

olts,

Table 44 shows the results of tests at the Univereity
of Illinocis on specimensg having three bolts in a transverse
row (the center bolt being tight fit and the outer bolts
sloppy Pit). Figure 36 shows these results in comparison
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with results for specimens containing all tight—fit bolts,
It eppears that the joints having nonuniformly fitted bolts
were weaker in fatigue than joints with uniformly fitted
bolts.

Fatigue Strength of the Sheet Material

Table 45 glvés the results of fatigue tests made at the
Battelle Memorial Institute on specimens of 0,102—inch sheet

both unnotched and notched by a single 3/8—inch hole. Tables

46 and 47 give the rssults of tests made at the University
of Illinois on unnotched sheet specimens and on sheet speci—
mens notched by bolt holes. Details of the specimens used
are given in the appendixes. No unusual failures occurred
in these tests, h

Figure 37 shows the results of the tests on unnotched
sheets, and figure 38 shows results of tests on notched
sheet specimens. -

Some pin—bearing fatigue tests were made at the Battelle
Memorial Institute on specimens of 0,102—inch sheet. Results
of these tests are tabulated in table 48 and plotted on a
load—life diagram in figure 39.

These tests on the sheet material were mads in con—
sideration of the possibility of treating bvolted Joints as
stress raisers in a material of known notched—fatigure

characteristics. The results are discussed from this poinft ~— ~

of view in & later section of this report.

FPriction in Bolted Lap Joints

The friction between the lapped sections of bolted—joint
specimens was evaluated roughly by a simple test. Specimens,

made with slightly elongated bolt holes, were loaded in static

tension. The load values at which bolt slip appeared are
recorded in table 49,

It should be noted that such values correspond to a
"static" friction which is probably not often realized

under repeated loading. However, the values noted in table
49 indicate that frictional forces of appreciable magnitudes,

with respect to fracture load values, may exist.
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Bolt S1lip during Testing

T"atle 50 shows some meassurementas of the elongation of
bolt holes due to stresses during fatlgue testing. Theses
values are the increase in longitudinal diameters of the
bolt holes measured after fallure on the bolt hole of the
uncracked half of each test piece. '

An extensometer, using SR—4 eiectrical resistance gages,
was designed to mcasure joint slip during testing. Results
of such measurements are shown in table 51. This measurement
included seversal factors: strain in the metal, pley due %o
initial looseness of bolt £it, and elnngation of belt holes,
The "computed" values for bBolt—hole elongation neglected the
strain in the metal and allowed only roughly for play due to
initial bolt—looseness. An indicaticn that thesé computed,
values are reasonable is the close agreemeant of final
computed elongations and elongations mcasured aflter fallure.
The results suggest that most of the elengation of the bolt
hole tekes place during the first few (1 to 10) cycles of _
luading.

incidentally, the strain—gage extensometer”in gcomblination

with a dynamic load~measuring device on_the testing maching
affordzd means of meking loal~deflecticn measurements during
testing. Figure 40 shows the rzsult of such a measuremsnt,
This nonlinear logsd—deflection characteristic sometimes
contributed to severe vibration of the testing machine.
Zable 32 indicates conditlons under which vibration of one
machine became so severe that tests were stopped. These
observations pertain to the reaction on a particular testing
machine. Nevertheless, 1t 1s believed they indicate a
possible danger of bolted Joints under reversed loading.

The darger appears to be not so much premature failure of
the joint in ouestion a3 unduve lecad reaction on other Jjointe
and paris attached to that joint.

Another characteristic result of bolt—hole wear and
bolt slip in reversed—load testing was the difficulty of
maeinteining load values desired. Figure 41 shows the load
values measured for single—beclt specimene purposely run to
1,000,000 eycles at constant deflection. Apparently, the
101nt with the loasely Titting bolt showed a marked tendency
ror falling 4#ff of load. Figure 42 shows photographs of

-these specimens afte? 1,000,000 cyclez. The increase of

abrasion with increasing initial beolt clearance is obvious.
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DISCUSSION OF RESULTS

Comparieon of Results from the Two Laboratories

Detailed examination of the resultes of all fatigue tests
on bolted lap—joint epecimens shows that both laboratories
found nc significant direct effeét of bolt fit upon lifetime
of a given Joint under a given load. T

Pigures 43, 44, 45, and 46 show results from the two
sources on specimens of 0.102—inch sheet. In each of these
load—~life diagrams, btest results for all specimens of a
given type (regardless of bolt fit) are designated by one
symbol for tests made at the Battelle Memorial Institute,
and by another symbol for btests mede at the University of
Illinois. In general, the test regults from the University
of Illinois show shorter lifetimes for high loads than those
from Battelle Memorial Institute. However, in tests for which
lifetimes approach 1,000,000 cycles, the differences become
much smaller. Throughout the whole range of tests, the '

"scatter bands" of the load—cycle diagrams from the two
latoratories overlap by a considerable amount. The dis—
crepanciez between the results from the two laboratories,

if they are real, may be due to differences in unsupporied
lengths of test pieces and to slight departures from axiality
of loading. .

The only other sheet gage for which specimens were tested
at both laboratories was 0.250 inch, HResults of these tests
have been shown in figure 13, Results from the two labora—
tories agree well et the ends of the curve (10,000 and '
1,000,0C0 cycles), but the few Battelle Memorial Institute
results avallable show high loads for failure near 100,000

cycles.

In a later section of this part of the report are graphs
of fatigue strength versus sheet gage. The smoothness of
these curves implies that test results for intermediate
gages fit well into a general picture, and this adds con—

fidence that there were no major discrepancies between tests"h“_

et the two laboratories.
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The Effect of Bolt Fit on Fatigue Strength

Mogt test results found in this investigzation have shown
no prorounced effect of bolt fit upon fatlgue strength, as
irdicated by load-life values. This conclusion must not be
extended beyond the limitations of the test condltions.

In the first place, tests have been made only upon lap
joints of 2£45-T sheets fastcned by steel bolts., It has been
noted that the hard zteel bolts Brinelled the relatively
soft sheet so as to caunse elongation of the bolt hole within
a very few cycles cf the repeatsd load. 4prarently, the
bolt hdles are deformed to an equilibrium condition dependent
upon the loaling, and the strength of this euuillbrlum con—

dition seens inﬁepenﬂent of initial bolt fit, It should

alsc be pointed out that the resulta show greater scatter for
tight fits than fcr loose ones., It may well be questioned .
whether steel bolts in stezl sheets or aluminum—alloy bolte
in aluminum—elloy.shsets would behave in a similar manner.

Seconédly, the criterion of failure for the tests reported
here Las been vigible crac king of the sheet materlal or com—
plete fracture of—the joint. HNo cther seriously undesirabdle
effect was noted in the unidirectional—loading tests.  Bub,
in resversed—loading teste, bolt slip cauged cons;derable .
falling=off of load and severe vibration of testing machinee,
These effects wore more serious for joints with loosely
fitting bolts than for joints with snugly fitting bolts,.

It has be=n pointed out, in several cases, that it was im— .
practicable to run single-bolt epecimens with locsely fitting
bol%s under high reversed-~load condltlons. Such observatbticus
imply that lIocozazly fztting bolts are definltelv undesirable
under reversed loading, L

In general, multibolt specimens have had the same clear—
ence for every belt in a given specimen, Gonclusions from
such tests should not be ertended without further consider—
%tions to & Joint having & long row of differently fitting

clts,

It sheuld be noted, further, that these tests have been
limited to axial loading with precautions to avoid flexure.
Service loadines are seldom this simple, and it 1is not
certain how far conclusions from the axlal—loading fests
apply o more comblex loading conditions.

il

L

g i.li'l
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Variation of Fatigue Strength with Sheet Gage

Figure 47 shows maximun loads, for several lifetimes
at R = +0.25, oplotted against sheet gage used for single—
bolt lap joints. PFigure 48 shows similar plots for Joints
having two bolts in line with the load, whils figure 49 and
50 show results for loading at R = —-0.60. In all cases,
the “points" in figures 47 to 50 are obtained from the
smooth curves drawn through experimental points on 1oad—
life dlagrams previously shown. . -

Both fatigue strength and static strength of a bolted
lap Joint,. with a given bolt pattern aind bolts of given
diameter, increased with increasing thickness of sheeft used
in making the’ joint. The rate of increase in fatigue
strength at a given load ratio and for a given lifetime is
less than the rate of increase in static strength. Thus,
from figure 48, a two—~bolt joint of 0,200-inch sheet would
be nearly twice as strong in static tests as a single-bolt
Joint of 0.100—inch sheet. However, in fatigue (at 105 777 -
cycles at R = +0,25) the 0,200—inch—sheet Joint would be
only 45 percent stronger than the O.lOO—inch—sheet Joint.
Thus, increasing the sheet gage, for a bolted lap joint
of & given type, apparently increases long—1ife fatigue
strength considerably less than it increases static strength.
It is probable that specimens of thicker sheet have higher
stress concentrations than thin—sheet specimens, and it is
commonly found that stress concentrations are more saerlicus
under dynemic loading than under static loading. I

Effect of Number of Bolts on Fetigue Strength
In all o7 the tests described in this report, increasing
the number of bolts in & lap joint between sheets of a given
thickness incraased both the static streugth and the fatigue
strength of that joint. OCloser examination shows tha¥ the
increase in strength was not usually proportional to the imw
crease In the number of bolts.

Table 53 shows results obtsined on increasing the number
of Dbolts in line with the applied load. In every case, in-—
creasing the number of bolts (or the. number of rows of bolts)
for a given sheet gage decreased the strength per beclt. Thus,
doubling the number of bolts in the direction of loading in—
creased the fatigue strength only from 30 to 60 percent.
&dding another Dbolt (or row of bolts) gave a further increase
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of only 10 to 30 percent. In general, the percent increase
in fatigsue strength due to adding bolts in the direction of
loading was less for the thicker sheet specimens.

Trble 54 conmesres the strengths gf_l%finchfyiﬂe apeci—
mens having a single bolt (or line of bolfs) with strengthe
of 4%—inch—~wide specimens having three bolts {or lines of
bolts). Note {see fig. 1) that edgze distances ani boit
spacings were not varied., It might be expectsd that the
ratio of strengths would be about 2:1, and it_ig clear
that this was generally true. Detailed examiration of the
scatter shown in the load—l1life diagrams makes it seem ques—
tionable whether deviationa Irom the averages ratla of 331
are significant. The results suggest that a Joint having
a row of bolts may Cesvelop, under uniform loadling, pretty
nearly the strength predlicted from tests of single-Dbolt _
Joints. ’ ’

I+ should be nobted that this investigation has not in—
cluded variation of belt Fpacing, so that no statements con—
cerning optimum bolt patterns are possible.

Fatligue Strength of Maferiaié”aﬁd Effectivéﬂ§{;;sﬁ

Concentratione in Bolted Lap Joints

Figure 51 shows some values of "effective stress con—
centration," X, -for specimens of 0.102—inch sheet tested at
R = +0.285; K 1is here defined ag the ratio of the maximum
stress supported by a sheet specimen t¢ & given lifetime
divided by the nominal—gross—area stregs supported by the
specimen with stress raiser to the same lifetime at the

came load ratio. Valucs of X were computed from the solid—-

line curves in figures 4, 37, 38, and 33.

An interesting observation from figure 51 is that the
varletion with lifetime of the effective stress concentration
from the pin-bearing tests 1is much more like that for the
bolted Jolnt than is the variation of K for the sheetn
with drilled hrles. It is well known that the stress con—
centration in a pin—loaded sheet differs from the stroas

concentration of a sheset with a central hole, (See, for example,

figs. 9.17 and 7.42 im reference 6,)
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However, factors other than stress concentration at the
bolt holes are concerned in the fatigue behavior of a bolted
lap joint. Friction between the overlinpping sectione {(not
necessarily identifiable with the static fricticnal loads
previcusly noted), abrasion between the plates or between
vashers and plates, and bending stresses at the laps must
21l be included in any complete evaluation, )

CONGLUS IONS ——

The data presented and discussed in t he foregoing pages
appear to warrant the following conclusions:

1. Bolt clearance (varisd from —0.0005 to +0,050 :in,)
did not have a prohounced effect on the fatigue sirength
of bolted lap joints tested in tension—{tension loading
(R = +0,25).

2. Bolt fit d4id not affect directly the strength of
such joints in tension—compreesion loading., Slip in joints
with loose bolts d4id cause undesirable Joint motion with
resultant falling off of load under constant applied de-
flection. Under conditions of repeated reversal of load,
the effect of an increass in bolt clearance may be detri—
mental both from the standpoint of increased wear at the
Joint faying surfaces snd from the standpoint of possible
sympathetic vibration effects caussd by non—linear load—
deflection characteristics.

2, The undesirable behavior of bolted joints under
reversed loading may be mitigated by: wusing tight bolts
(note that a bolt clearance of 0.002 in. gives much better
characterdstics than a clearance of 0.010 in.), by using
bolt torques as high as allowed by other considerations, and
by using joints with more than one bolt (or one row of bolts)
along the direction of loading. v

4. Increasing the number of bolts in line with the load
increases the fatigue strength of the Joint, but decresses
the strength per bolt. In general, the increase in strength
is less for dynamic loading than for static loading. ~°~

5. For a given bolt diameter and bolt pattern, joints
made from thick sheet are stronger than Joints from thin
sheet. The increase in strength is not proportional to the
increase in sheet gage, particularly for long-life fatigue
loading in tension—compression.
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In view of the testing conditions, these concluaions apply
only to lap—jolint test pieces, of 243-T Alclad gheet axd
Tagstened by eteel bolts with smocth shanks, within con—
ditions under which failure . occure in the sheet. For
multitolt specimens, these conclusions are valid only vhen
@ll bolts in cne joint havs the same fif.

Battelle Memorial Instituste, ' L —
Golumbus, Ohio.
and

University of Illinois, ) _ S - -
lirvbana, Ill., December 15, 1545.
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APPEYDIX I R

DETAILS OF TEST' MATHODS USED AT THE BATTELLE MEMORT AL INSTITUTE

Fatigue Testing Machines

Tests at the Battelle Memorial Institute were run on
Krouse, Direct Respeated—Stress Fatigue Testing Machines. .
Figure 52 shows one vf the large load capacity (10,000 1b ))
machines, - . o=

The variable lcoad is epplied by the lever A, which is
actuated by the adjustable cam C. Tha average value of
the luad can be adjvsted by the lcading screw B, Static
load values are obtained by measuring the dbendiangz of a
fixed length of lever A by means of the dial gage on the
"gage bar"® F. The relation between disl readings and lsad
is obtained from & calibration curve taken with CGead—welight
loading. _ - CTo

Tests showed ihe dynamic load range to be from 2
te 18 percent (on different machinas) greater than the load
range when theo cam 1g sicwly rotatod Tor the static load
measurement and adjustent. Detzilel examination (made with
SR—4 gstrain gages mounied cn specimens, on the fulerums D,
and along the loading lever at &, 0, P, . . .7 showed this
increase to be due to inertia of the loading lever and
connecting rod. The throw increase is directly proportional
to the locad range, and is insensitive %o specimen stiffness.”
Hence; specimens were loaded by static disi~bar measuréments
with calculated allowances for dynamic effecits. -

Eech machine is equipped with mechanical counters G
which record the number of hundreds of load cycles.

A cut—off H was designed to stop the machine upon speci-
men fgilure., The microswitch shown in figure 52 has besn
replaced by an adjustables contact and a thyratron relay.

The present errangement is seunsitive to a load decrease of

15 pounds or more. - - - o Tt — -
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Test Pieces and Grips .

Figurs 53 shows s¥etchee of typical bolted—Joint test
pieces used at the Battelle Memorlal Institute. Fote (for
comparison with test pleces ured at the Universlitiy of L
Illinoia — figs. 59, 62, asd 63) the lenegth of the specimens _
and the lack of widened grip sections. The length unsupported _
by grips was abtout 10 ilnches for specimens with a Jg—inch
lap and greater by the additional lap for other specimens.

Yigure 54 shows detalls of specimens used for tests
of the sheet material (bcth unnotched snd notched by a
central hole). C—

The method of prevaring snd mounting sepecimens con—
tributed toward equalilty of load across the wldth of each .
specimer. A specimen wag mounted in ths mackine witn only
the center holding %olts inserted through the two holes
drilled along a center linz on the specimen. 4 nominal
tensicn lo2ad (100 to 200 1v) was applicd tuv insure adjust—
ment. Then auxiliasry bolts wsre inserted in the outer holes
of the grip plates end tightened. These bolts elther wvere
putside the test plece (for lE—in.—-wide specimens) or (for
wider ones) passed through holes 1/16 inch lsrger than the
bolts,., Thue, these additional bolts served only to ggueage
the plates and afford increzased frictional holding by the
grips.

Reversed—Load Tests

Figure 55 showg a single—bolt spscimen mounted for a
tensioa—compregsion test with guide plates to prevent dbuck—
Iing.

FTigure £6 shows parts of onc pair of gvuids plates. The
plates were made from 1/4—inch cold—rolled steel, cut ap—
proximately & by 8 inches. A l—inch hole was drilled in the
center of each plate to allow room for the specimen bolt.

A piece of szluminum ¢f the same thickness as the specimen

to be tested was bLolted to the upper half of one plate and

a similar piecse to the lower half of the other plate (A and

B in fig. 66). Forous Faper {from the National Bureau of

Standards — see referonce 5) was pasted on portions of the

guide platvtes to be in contact with the test piece, and was .
gaturated with oil. Spacers (C and D of fig. 56) were used
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to obtain suitable clearance to give the best balance be—
tween low friciion and good "guidance." It was found
necessary to adjust this clsaresnce under msaximum losad io
prevent binding due to bending at the Lap. ﬁlth care, this
procedure gave uaniform results. TIT R e

A few specimens were. run without guide plates., These
were cut short so that the length unsupported by the machine
grips was about 1% inches plus the overlap. Figure 57 shows
a comparison of tests u31ng the two methods and adds cen—

fidencs that the guide—plaie method was reasonably sabis—
factory. ’

APPEXNDIX II ' T T

TEST METHODS USED AT PTHE UNIVERSITY OF ILLINOIS

Tests on Specimens of 0.102-Inch Sheet
' Machines.— The Moors—Krouse push—pull fatigue testing
machine as fitted Zor %ests cf Pzlted Joints is shown in
figure 58. OCycles of repeated stress are applied o the
specimen S by means of the variable—stroke cam C, the lever
L, the fulcrum F, the slider M, and lowar jaw J%, The load
on the specimen is carrisd by the upper jaw J' to the
calibrated weighirg ring R, the elestic deflecticn of which
measurss the lcad on the specimen. A pailr of plate fulcra
" minimizes the lateral vibratlon of J! and of the upper
end of the specimen, The micrometer dial gage D measures
the elastic deflsction of ths weighing ring R.

The total throw of the variable—stroke cam C determined
the tolal range of load applied %0 the specimen. The ratio
of minimum load in a cycle of stress to maximum load is
determined by the pcsiti>n of the nuts N! and N" on the .
acrew T. T T i e

Unidirectional loading.— In starting a test under uni—
directional load, the specimen is fastened in the upper and
lower jJaws. Then, with nut N" lcose, nut HN' is tightened
until the desired maximum load for a c¢ycle is indicated on

the micrometer dial gage D. The nut N' is loosened until
the minimum (tensile) lovad dssired for the cycls is indicsted -
on micromster dial gage D. Then nut N" is tightened, the

shaft of the testing machine is tLrnad over _by heand, and
the stroke of the variable—throw cam C is adjusted by means
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of a spanner wrench to give the dezsired range of lcad from
maxinum to minimum. This adjfustment usually changes the
reading for the meximun load slightly, end readjustment ia
made by changing slightly the positions of nute N' and N"
elong the screw T. Th» machine 1s then started and allowed
to make aboat 100 revolutions, then stopped and readings

of dial gage D taksn, and any necsssary adjustments In etroke
of cam C and positions of nuts N!' and N to maintain ths
desired range of load are made. Thie process of stopping
the machine and taking test readings at frsquent intervals
is kept up during the first 100,000 cycles, or until no
adjustment is found necessery after three or four trials,.
After thils, observations are taken of lcad at convenient
intervals., When the specimen breaks or a crack opsens up,
the distance between J' and J" increascs, snd a microswitch
¥ ig set o that a very small increase in the dlstance bstween
J' and J" will cause the switch to make contact, open the
motor circuit through a relay, and stop the motor which
drives the testing machine. Thsn the number of cycles of
streas for fracture can be read directly from the revolution
counter Q. -

Reversed losding.— To apply cycles of partially reversed

loading, nut N" is screwed upward so that there is compression
on the specimen, The epring & is tightened sufficiently to
insuvrs contact throughout a stroke betwsen cam C and tkhe

ball bearing at the end of lever L. After clanping the
specimen in jows J' and J", nut X" is screwz2d up until

the desired maximum compresslon has been put on the spgsci—
men. Then nut N¥ is loosensd and nut N' screwcd down until
the maximum desirzd tensile lcad is applied. Then the

stroke of the cam C and the positione of nuts ¥' gnd N" are
adjusted until ths desired range is secured as ths machine
shalft is turned over by hand, after which the test—4is carried
cn 1n g manner similar to that used for tesis under uni—
directiaral stress. Howsver, for reverced—load teats it 1is
desirable to take observations of ransge of locad at more
freauent intervals of time than the intervals botween
observations in tests under unidlrectional lond.

Inertia effects in Moore—Xrouse push-pull fatigue

machins.— Ae the machine is 1In operation, the slider M, the

lower jaw J", the upper Jaw J', and the lower part of the
ring R are in up—and—down motion, approximating harmonic
motlon., The inertial effects come mainly from the parts

below the specimen S and, if the weighing ring R were
equipped with a recording mirror deflectometer, the forces

I
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indicated wculd be those acting on the specimen, including
the major inertial forces. Ths readings ¢f tha micrometer
diel are not self—recording. They are taksn at intervals
during a test as the shaft of ths machine is turned over by
hand, and the effesct of the inertial forcss whesan the machine
ie running at ncrmal speed (600 rpm) are nat reccrded. ‘
To dstermine apprvximately the magnitudes of these
inertial forces, the fcllowing procedurs was followed:
In its normal poesition, the lower point of the plungar _
vf the micrometer dial gage does not tcuch the ring R, end
a2 gage reading is obtained by pushing on the upper end cf
the plunger until contact betwoen the lower point and the
ring is made, when the readlng is taken. Maximum end min i-
mum readings of the dial gage are takxen as the shaft of the
machine is turmnad over by hand. Then ths machine Is started,
and when running at asrmal spsed, the upper end of tha
Plunger of the dial gage is gently pushed down until contact
is msde between the lewer point of the plungsr and the'ring
R. This gives a rzading of minimum load under ruuning con—
ditions, and it is assumed that thes diffsrence between the
"hend turning" readings and “running" readings will bde
(numerically the same for both maximum end minimum reed—
ings. Contact betwsen lower point of the plungsr of the
dial gege ard ring may be detected dy the "feel® agailnst
the firger pressure on the upper end of 3he plunger, or by
the dial reading for which violent vibration of the dial
pointer begins. . T

This check has been made several times during each
test made on the Moore—Krouse machine, and the difference
between hand turning readings and running readings rarely
indicated a difference graater than 25 pounds. The inertial
effect does not seem to be serious in the %tests herein

reported. e

Adjustment of results for actual values of R.,— It is
very difficult to adjust the length of throw of the cam
and the position of nuts N! aend N¥"% in the Moore—Krouse
machine to .give the precise value of R (ratio of minimum
to maximum load) deeired in each individual test, In practice,
1t 1s more convenient to adjust the parts of the machine to
give approximately the desired value of R, and then édjuét
the test results bty the use of a correction factor.

Accordingly, the following empirical formula has been
computed from tension—compression data reported in the
Structural Aluminum Handbook (p. 26), pudlished by Aluminum
Company of America, 1945:
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(P >‘ v Prax

max. 1.25-R' |

where i
Pnax  &actual maximum load at the load ratio R

Ppax! 'corrected maximum load" corresponrding to the desired

load ratio R!

In one or two cases, the correctior of the maximum lJoad was
more .than 10 percent. In the great majority of casecs, the
correction was from O to 2 percent. For such small] correc—
tions, 1t is believed that the procedure described is
justifiable,

Test pieces.— Figure 59 shows diagrams of tha 0.102—~
inch specimens used at the University of Illinois,

Tests on Spescimens of-0.375—IEch Sheet

Testing machines.— Figure 60 shows a direct—actling
15,0C0—pound capacity testing machine used at the University
of Iilinois. Thie machine runs at approrximately 660G cpnm.
The lvad is changed by adjusting the throw of the seccentrie
shown at the bottom.

Pigure 61 shows a lever—type machine of 50,000-pound
capaclty, which is run at approximately 300 cpm. The load
igs changed by adjustlnz the eccentrlc shown at the left in.
the photograph.

For both machines, locads wers Measured by ring dyre—
mometzr. Load values were checked freszauently, as experilence
dictated, and the eccentrics readjusted when the lead varied
anpreciably. Eecords of these adjusitments were kept and
these data taken into account in arriving at reported load
values. : : ) o '

In each machine, the lower corners of tke upper pulling
head @and the uvpper corners of the lLower pulling head are
gsupported laterally by fcur horigontal steel bars. Eaclh bar
is machined to & thin ribbon at each end so that the heads
are regtrained leaterally but ars free to move vertically.

Both machines have roller bearings throughout.

b

A
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Test pieces.~ The detalls of typical test pleces are
shown in figures 62 and 63. The unsupported lengths were:

5 inches for single—bolt and two—~Dbolt specimens (fig. 62)

6 inches for three—bolt specimens {not shown)

5% inches for six—bolt and nine—bolt specimens (fig, 63)
A1l joints had 3/8~inch bolts with washers under heads and

nuts, and all nutes were tightened to a wrench torque of
110 inch—pounds.
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TABLE 1. MECHANICAL PROPERTIES OF SHEET MATERIALS

= T - .

Sheet (1) (2)

Gege : Static Ultimate Yield Strength Per Cent (3
(Inches) (p.s.1i.) (p.s.i.) Elongation 3
0.102 69,700 49,920 16.0
0.125 70,450 51,200 17.9
0.156 70,000 51,000 19,3
0.187 69, 000 50,650 19.1
0.250 69,800 51,875 16.3
0.375 67,050 19,450 18.8

S et koo ety —————— e ]

(1) All values averages of results on two test pleces. Each plece 1" wide

at center.
(2) Tield at 0.2% offset in 2" gage length.
(3) Elongation over 2" gage length.

TABLE 2.

L

REFRESENTATIVE TOLERANCES 1IN BOLT HOLES

Yominal Bolt Measured Bolt
Bolt Clearance Clearance
Tt (Inch) (Inch)
"Ry ght -0.001 to 0.000 -0.0007 % 0.0003
"Dri1l® 40,002 0.0021 * 0.0004
"Loose" +0.010 0.0108 * 0.0020
"Sloppy" +0.025 0.0235 * 0.0026

Note: 4 few tests, noted in the text, used larger clearances. (0.050 inch)
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TABLE 3.

W

29

STATIC STRENGTES OF BOLTED-JOINT TEST PIECES

Shest 4r______!Eé;2;g_LesigL_iahgguaig____w
Gage Type of (1) Bolt ) Specimen Specimen
(Inch) Specimen Fat'8 ¥o. 1 ¥o. 2 Average
0.102 A - Single bolt. T 5420 5380 5400
s k920 1560 4glo
L 5220 5000 5110
5 5060 5050 5055
Q 4740 L4860 1800
B - Two bolts in D 8160 8060 8110
line of load. L 7020 7100 7210
s 7520 7610 7565
Q 7280 7260 7270
€ - Three bolts in L 7720 7640 7680
line of load.
D -~ Three bolts in L 15980 15830 15905
line transverse %o s 15640 15500 15570
load.
0.125 A - Single bolt. D 6150 6100 6125
L 6300 6320 6310
C - Three bolts in L 9560 UM To) 9500
line of load.
0.156 A - Single bolt. D 7860 7980 7920
0.187 A - Single Molt. T 9100 9160 9130
D 7660 8480 8070
L 8850 8640 8745
5 8740 g740 8740
Q 7820 7980 7900
B - Two bolts in D 14100 15400 15050
line of load. s 13820 13600 13710
Q 13920 13820 13870
0.187 D - Three bolts in T 26775 25425 26100
line transverse to Q 22750 26650 24700
lead.
0.250(“) A .~ Single Y%olt. T 10100 10260(3) 10180
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TABLE 3. (Continued)
Sheet _ Failure loa in Ppunds
Gage . Type of (1) Bol? Specimen Specimen
(Inch) Specimen 731(2) ¥o. 2 No. 2 Average
b.eso(u)- B - Two bolts in 19220 18740 18980
line of load.
() .
0.375 8 - Three bolts in
line of load 28630 27830 28230
F - Thres rows of 86680 86200 g6hho
three bolts each
%transverse to load
(1) See Megure 1 for types of specimen.
(2) Bolt-fit clearances: T = 0,0000 to -0.001 ineh
D = 0.002 inch
L = 0.010 inch
S = 0.025 inch
Q = 0.050 inch
(3) Bolt sheared.
(k) Single-bolt joints of 0.250-inch sheet and of 0.375-inch sheet, and

both two-bolt Joints and three-bolt Joints of 0.375-inch sheet faifled

in the bolts.
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TABLE 4. FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS
OF 0.102-INOE SHEET, UNIDIRECTIONAL LOADING (BATTELLE)
(R = +0.25)
‘3
Specimen Maximum Cycles to Position of]
No. Load (Lbs.) Failure Feilure*
Group 1T1U (0.000" to -0.001* clearance)

1 5000 3,300 A
27 4500 3,400

[ 4200 16,500 B
32 3600 62,900

2 3000 30, 500 B
16 2700 68,400 B
18 2700 45,000 B
30 2400 127,900
26 2200 75, 800 B
2L 2100 122,000 B
35 2000 263,500
23 1750 227,500 B
22 1750 76,900 A
1 1500 315,400 B
15 1500 533,500 B
13 1250 1,374,200 B

4 1200 229,100 A
17 1200 241, 600 A
19 1200 716,700 B
25 1050 1,355,700 B
20 900 ug,845,000
21 900 3, 354,200 B
12 850 >11,078,900 ,
11 800 >11,172,500

Group 1D1U (0.002% glegrgneg}

1 4800 3,200 A
15 1000 19,000 B
30 k000 43,900 A
34 3600 63,200
23 3200 58,500 B
2 3200 75,000 B
29 3000 106,400 B

2 3000 32,000 B
31 3000 89,600 A
33 2400 141,900
27 2400 161,700 B

3 2000 115,200 B
28 1500 429,800 B
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TABLE 4. (Contimued)

Specimen Maximm Cycles to Pogition of]
Mo. Ioad (Ibs.) Tailure Failure*
y 1250 567,900 B
35 1200 1,316,000 B
25 1150 1,366,000 B
26 1150 1,354,700 B
20 1050 1,489,700 B
5 950 2,568, 900 b:}
21 920 3,458, 000 B
6 860 >13,.861,800
er U_(0.010% a
11 4800 6,400 A
5 4500 10,600 A
1 %000 13,700 A
29 3600 60,600 A
2 2500 79,500 B
1L 2500 103,000 B
13 2200 185, 200 B
3 1500 376,000 B
12 1200 790, 500 B
28 1200 980, 800 B
4 1000 793, 300 B
6 : 850 6,935,600 B
lGroup 181U (0.025" elearance) :
6 . 4800 1,400 A
1 4200 12,800 A
p2)- 3500 hg,600 B
2 3000 41,600 A
21 2400 130,600 B
11 2000 147, 500 B
3 1750 160, 000 B
4 1200 560,400 B
12 1200 961,100 B
23 1000 2,922,400 B
5 ' 800 8,779,500 3
)kgu L bol
g 4500 2,800 A
3800 6,300 A
4 3000 68,900 A
3 2100 183,700 B
13 2000 315,000 A
2 1500 470,500 A
12 1200 1,500,000 B
1 1000 1,399,000 B
5 850 2,648,000 B
10 700 3,589, 000 B
600 >110, 382,900

* A indicates fatigue crack through bolt hole. B indicates fatigue crack
at edge of bYolt hole. See Figure 8.
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TABIE 5. FATIGUE TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0.102-INCH SHEET
WITE BOLTS IN LIN® OF LOAD. UNIDIRECTIONAL IOADING (BATTELLE)

(R = +O.25)
Specimen Maxirum Oycles to Position of
¥o. Toad (Ibs.) Fallure Failure*
Group 1D2U (0.002" clearance)
9 6500 2,700 4
15 6000 37,700 B
10 5200 37,700 B
1 3800 92,500 B
5 2500 386,100 B
3 1500 1,438,800 B
1 1300 17,977,300 B
11 1200 917,300 A
- 12 1000 >13, 852, 900
L 900 23,060,800 -
Grou U _{(0.010" clearanc
6 6500 . 10,200 A
3 6000 22,800 A
1 1000 105,700 B
2 2400 kag, 300 B
4 1600 720,700 B
5 1600 1,196,900 B
7 1400 3,436,500 B
X 51 6000 . 46,400
X 50 3100 137,900 B
X 52 1450 3,126,800 B
Gro s2U _(0.025% clegran
7 7000 6,300 A
L 6500 23,800 A
1 5200 u1,600 A
2 3500 112,400 B
3 2200 335,100 B
5 1500 1,172,900 B
g 1250 = > 21,812,700
6 1100 > 22,198,700

* A indicates fatigue crack through bolt hole; B indicates fatlgue c'rz%ck
at edge of bolt hole. See Figure 8.

X Specimens made to give a tight fit in a loose hole by means of spacing
between holes. ' .
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TABLI 6. FATIGUE TEST RESULTS FOR THEREE-BOLT SPECIMENS OF 0.102-INCH
SHEUTS WITE BOLTS IN LINE OF IOAD. UNIDIRECTIONAL IOADING (BATTELLE)
(R = +0.25)
Specimen Mayimum Oycles to Position of
No. Ioad (Lbs.) Fallure Failure*
Group 1I4U (0.010" clearance)
8 7200 1,900 A
5 6000 29, 500 A
2 2800 204, 500 B
3 2000 631,500 B
4 1600 937,100 B
6 1250 3,374,000 B
7 1200 >10, 260, 800
(middle hole 1/8" off center)
b1 7200 18,600 A
13 6000 51,400 A
11 k000 149,800 B
12 2200 542, 300 B
15 1300 2,235, 000 B
(bottom hole 1/8" off center)
1 6000 45, 300 A
1 %000 124, 800 B
17 2200 - 843,200 A
18 1600 1,354, 000 A
12 1200 5, 311, 000 B

* A indicates fatigue crack through bolt hole; B indicates fatigue crack

at edge of bolt hole.

See Figure 8.

-
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TABLE 7. FATIGUE-TEST RESULTS FOR THREE-BOLT SPECIMENS OF 0.102-INCH
SHEET WITH BOLTS TRANSVERSE TO LOAD. UNIDIRECTIONAL IOQADING (BATTELLE)
(R = +0.25)
ISpecimen Mexinmmm Cycles to Position of
Yo. Ioad (Ibs.) Failure Failure*
Group 1D3U (0.002" clearance)
9 9200 28,900 B
5 8000 44 000 B
7 6600 85,100 B
6 5500 162,600 B
1 3800 638,000 B
2 2800 2,011, 800 B
10 2650 2,577,600 B
g 2500 13,828, 800
3 1800 > 9,525,200
Group 1L3U (0.0Q10" clegrance)
11 9200 37,900
10 7500 65,600 B, A
1 6000 95,100 B, A
6 4800 229, 000 B
2 L000 440,500 B
5 3500 Lg%, 200 B, A
3 3000 1,108,800 B
4 2500 2, 367,600 B
7 2200 >9, 319,000
Group 153U (0.02 clearance
11 9400 24,900 a
6 £000 74, 300 B
1 6000 126,500 B
3 900 148,000 A
9 %000 332,600 B
2 " 3800 553,600 B
8 3000 939, 800 B
7 2500 1,525,600 B
13 2300 3,426,100 A
12 2100 15,726,200
10 1800 >20, 174,600

* A indicates fatigue crack through bolt hole; B indicates fatigue crack

at edge of bolt hole.

See FMigure 8.
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TABLE 8. FPATIGUE TEST RESULTS FOR SINGIE-POLT SPECIMENS OF 0.102-INCH
SHERT. UNIDIREOTIONAL IOADING (UNIVERSITY OF 1ILINOIS)
(R = +0.25)*
Specimen Aotual Oorrected** Cycles to
Yo. R * Max. Ioad . Ioad Failure
- ——‘%25'62"—6—'0-3"1'“'
MTEREBoTT STearancs 0. 5 =001
1k +0.19 2640 2800 37, 500
L7 +0.11 1870 2130 374, 000
46 +0.23 1870 1910 150, 300
3 +0.22 1820 1870 gk, 900
7 +0.27 1330 1300 392,100
10 +0.23 1040 1050 892,800
19 +0.22 970 1000 1,050,200
Sloppy bolt fit (clearance +0.031%)
37 +0.19 2120 2240 112,800
k1 +0.22 2150 2220 31,800
50 +0.21 1670 1730 189,600
34 +0.19 1620 1720 150, 600
39 +0.25 1370 1370 201,000
ig +0.22 1240 1300 365,500
26 +0.25 1210 1210 537,700
32 +0.2Y4 980 990 1,280,000 Yo fracture
L +0.33 760 700

1,009,900 No fracture
|

* Nominal ratio is +0.25, By 1s the actual test ratio.

*x Maximum load corrected (see Appendix II) to correspond tc the nominal

load ratio

R = +0.25.

CABLE 9. FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF 0.102--INCH

SEEET. UNIDIRECTIONAL LOADING (UNIVERSITY OF ILLINOIS)
(R = ~0.67)*
'Bpecimen Actual I Corrected** Cycles to
M. Re* Max. Ioad (Lbs.) Max. Ioad (Lbe.) Fallure
|
Tight bolt fit (clearance 0.000" to -0,001%)
135 +0.64 3060 3220 224,400
138 +0.64 2450 2570 " 811,300
137 +0.66 20u0 2080 1,371,500
136 +0.66 2780 2830 1,787,700

* Nominal ratioc is ~0.57, Ra is the actual test ratio.

*% Maximum load corrected (See Appendix II) to correspond to the nominal
load ratio R = +0.67.
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TARLE 10. TFATIGUE TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0.102-INCH
SHEEET WITE BOLTS IN LINE OF LOAD. UNIDIRECTIONAL LOADING. UNIVERSITY
OF ILLINOIS
(R = +0.25)*
Specimen Actual Oorrected** Cycles to
Yo. Rp* . Load Max. logd Failure
Lbs.) Cibs.?
Tight bolt fit (clearance 0.000" to ~0.001")
20 +0.21 3740 3880 31,900
21 +0.23 3060 3120 69,900
2u +0.22 250 2640 50,600
o8 +0.23 1800 1850 497,700
u6 +0.2u 1720 1740 624,100
31 +0.19 1440 1530 389,500
B4 +0.25 - 1420 1420 1, 340,500
b2 +0.25 1190 1190 1,103,000 No frac-
ture
Drill fit (clearance +0.002")
124 +0.23 3480 3540 ug, 200
125 +0.25 3280 3280 138,200
128 +0.25 2480 2480 233,800
126 +0.20 2240 2350 315, 500
129 +0.25 1870 1870. 662, 300
127 +0.29 1630 1560 1,561,800
Ioose bolt fit (clearance +0.016") .
133 +0.24 3120 3160 125,900
130 +0.23 2390 2430 231,000
131 +0.23 1960 2000 465,400
132 +0.21 1660 1730 1,532,200
Sloppy bolt fit (clearance +0.031")
61 +0.25 , 3180 3180 22,40C
36 +0.21 2750 2830 78,100
56 +0.26 2740 2710 61,200
71 +0.23 1880 1920 106, 300
69 +0.26 1690 1670 760,600
58 +0.22 1380 1420 550, 100
62 +0.24 1280 1290 1,078, 300
60 +0.29 1110 1060 2,016,900 No frac—
ture

* YNominal ratio is +O.25, R, i1s the actual test ratilo.

** Maximum load corrected (see Appendix II) to correspond to the nominal
load ratio R = +0.25.
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TABLE 11, TFATIGUE TEST RESULTS FOR THREE-BOLT SPECIMENS OF 0.102-INCH
SHEET WITE BOLTS TRANSVERSE TO LOAD. UNIDIRECTIONAL LOADING.
(UNIVERSITY OF ILLINOIS) : -

(R = +0.25)*
Specimen Actual Corrected** Cycles ta
. * . . 1
Yo R, Ma'&bsb??d Ma.chbE?d Failure
Tight bolt fit .
156 +0.125 4800 5390 162,500
_15Y +0.28 4350 - Lh200 308,000
152 .| +0.21 3420 3560 557, 500
157 +0.25 3000 . 3000 1,105,100

* The nominal ratic is +0.25, By is the actual test ratilc -

** Maximum load corrected (see Appendix II} to corfespond to the nominal
load ratio B = +0.25.

1

5!

TABLE 12. FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF 0.125-INCH
SHEET. UNIDIRECTIONAL LOADING (BATTEIIR)

(R = +0.25)
#.——11
Specimen Maxipum Cycles to Position of
Fo. Ioad (Lbe.) Failure Failure*
Group 2MU (0.002" clearance)
8 5L00 8,400 - A
9 5000 18,800 B
11 4500 7,900 A
1 1500 14, 200 A
3 3000 2,100 A
13 2200 : 162,700 B
5 2000 | 292,200 B
12 1500 733,400 B
6 1200 1,831,400 B
7 1000 . 7,261,100 B
Group 211U (0.010" clearance)
10 5000 8,100 A
11 000 10,900 A
12 000 Y2, 800 B -
1 3000 117,500 B
R 2200 180, 200 B
1;;0 Eh , 500 B
E % 0 1,177,100 3 .
ig 5%8 21331:888 B
0 10,783,200

%7. indicates fatigue crack through bolt hole; B indicates fati erack
at edge of bolt hole. See FMgure 8. ! gue crac
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SEEET WITH BQLTS IN LINE OF IOAD, UNIDIRECTIONAL IOADING (BATTELLE)

{B = +0.25)
ecimen Maximum Cycles to Position of
Yo. Ioad (Ibs.) Failure Failure*
oup 2IMU {0.010" ¢ n
g . 8000 26,700 B
6500 57,500 B
2 5000 122,100 B
5 3700 309,900 B
3 2700 638,800 B
1 2000 587,500 A
g 2000 1,991,900 A
11 1700 585,700 A
12 1500 512, oo B
4 1300 11,355,800

* A indicates fatigue crack through bolt hole; B indicates fatigu.e crack
et edge of bolt hole. See Figure B.

TARLE 14. TFATIGUE TEST RESULTS FOR SINGIE-BOLT SFECIMENS OF 0,156-INCE
SEEET. UNIDIRECTIONAL IOADING (BATTELIE)

(R = +0.25)
ecimen Maximum Cycle to Position of
Fo. Ioed (Lbvs.) Failure Failure*
Eogg 3D1U §0.002" clearance)
L 6000 4,800 A
) 5400 5, 300 A
3 1000 39,000 A
15 3100 107,000 4
2 3000 107,500 B
9 2200 268,200 B
6 2200 343,500 B
1 1800 832,200 B
16 1600 991,900 B
5 1500 1,156,600 B
7 1150 3,361, Goo B
13 1150 3,693,400 B
g 1050 >26,926,100
roup 3L1U (0.010" clearance)
g 6200 3,700 i
5 5500 18,900 A
2 41000 5k, 000 B
1 3000 157,500 B
3 2200 . 349,100 B
L 1750 70L, 100 3
1l 1500 1,304,600
é6 1250 1,607,200 B
9 1120 >12,537,400
10 1050 >9, 846,600
7 950 >11, 104,500
&

* X indicates fatigue orasck through bolt hole, B indicates fatigue crack
at edge of Bolt hole. See Figure 8.
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TABLE 15. TFATIGUE TEST RESULTS FOR SINGIE-BOLT SPECIMENS OF 0.187-INCH
SHEFT. UNIDIRECTIOMAL IOADING (BATTELLE)
(R = 40, 25)
Lpecimen Maximam Cycles to Pogition of
Yo. Ioad (Ibs.) Failure Tailure*
Group WTIT (0.000" to 0.00L" clearance)
7 6250 20, 300 A
5 5200 51,600 A
1 3800 121,300 . B
2 2800 238,400 B
3 1750 1,223,000 A
6 100 3,296,100 B
g 1300 > 30,572,000
) 1200 >28, 274,800
Group 4DIU (0.002" clearance)
4 €500 800 Bolt sheared
6 6000 8,900 A
1 5000 24,100 A
2 3000 140,900 A
3. 2000 756,900 B
5 1400 5,173,800 B
7 1200 21,299,200 B
Group UL1U (0.010" clearance)
3 6500 6,200 A
1 5000 k2,800 A
8 3500 101,400 A
2 3000 180,700 B
L 1750 2,282,100 B
5 1400 2,910, 700 B
10 1300 > 12,273,900
9 1100 >35,736, 000
Oro U (0. bl o
1 6500 4, 800 A
2 5000 17,600 A
g8 3700 114,800 B
3 3000 188,400 B
U 1800 913,600 B
5 1400 1,701,600 B
1 1250 >12, 349,000
5 1100 > 1k, 229,600
rovp 4QLU (0.050" clearance)
7 5600 17,600 A
& 4700 19,600 4
E 3600 91,800 4
3 2700 377,300 B
2 2000 963, 300 B
1 1500 2,627,900 B
Y 1250 4,480,700 B
g 1100 >19,417,800

* A indicates fatigue crack through bolt hole; B indicates fatigue crack

At edge of

hole.

See Figure &.

1030
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TABLE 16, FATIGUE- TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0.187-INCH
SHEET. UNIDIRECTIONAL LOADING (BATTELLE)

(R = +0.25)
Specimen Maximum Cycles to Position of
No. Load (Lbs.) Failure Failurex*
!
Group 4D2U (0.002" cleerance)
8 7000 17,500 A
5 6000 38,100 A
7 8000 ) 185,600 B
1l 3800 334,100 B
2 2800 588,600 B
3 2200 1,395,000 B
4 1760 8,386,000 B
Group 4520 (0.0256" clearance)
7 : 8400 11,600 A
5 8000 10,700 A
3 6400 37,400 A
1 5000 65, 700 B
4 3200 R 435,600 B
6 2400 ' 927,700 B
2 17560 5,042,500 B
Group 4Q2U (0.050" oclearance)
5 , 6200 16,200 A
1 5000 73,400 A
2 3600 377,100 A
3 2500 828,400 B
4 1750 2,563,000 B
6 1500 11,464,000
7 1200 "> 7,709,600

% A indicates fatigue crack through bolt hole.
B indicates fatigue crack at edge of hole, )
See Figure 8,



RACA TN No. 1030 N

TABLE 17. FPATIGUE TEST RESULTS FOR THREE~BOLT SPECIMENS OF 0.187~INCH
SHEET WITH BOLTS TRANSVERSE TC LOAD. UNIDIRECTIONAL LOAD-

ING (BATTELLE) .
(R = 40,25) '
Specimen Maximum Position of
No. Load (Lbs.) Cycles to Failure Failure=

Group 413U (0,010" clearange)

4 9000 180, 300 B
8 7500 374,800 A
2 6000 889,500 A
7 4500 1,681,200 B
-3 2800 40,200,500 B
Group 4Q3U (0.050" ciearance -
& $000 179,300 4
1 6000 763,400 B
2 3800 3,800, 700 B -
4

3200 18,450, 800

=

* A indicates fatlgue crack through bolt hole,
B indiocates fatigue orack at edge of hole.
S8ee Figure 8,

TABLE 18. FATIGUE TEST RESULTS FOR SINGLE~BOLT SFECIMENS OF 0.250-
INCH SEEET. UNWIDIREOTIONAL LOADING (BATTELLR)

(R = +0.25)
Specimen Maximam Cycles to Position of
No. Load (Lbs.) Pailure Failure*

Group 5 T1U (0.00" to ~0.001" clearance)

1 6000 ' 23,200 A

2 Yoo 196,300 B

3 3000 522,300 B

L 2000 1,700,800 4

5 1400 > 28,838,400 )

* A iniicates fatigue crack through bolt hole. B indicates fatigue
craclkk at edge of hole. See Figure 8. - .
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TABLE 18, FATIGUE TEST RESULTS FOR SINGLE~BOLT SPECIMENS OF Q0.250~INCH
SHEET. UNIDIRECTIONAL LOADING (UNIVERSITY OF ILLINOIS)

(R = +0,25)
Specimen Maximum
No. Load (Lbs.) Cycles to Failure
Group Faa(Bolt clearance = +0,000")
1 2,360 185,200
2 2,940 69,300
3 3,380 127,700
4 3,760 42,600
5 4,340 34,800
6 4,960 28,100
7 5,940 19,800
8 6,360 10,200
g 6,630 19,500
10 3,980 44,300
11 3,580 97,700
12 2,480 97,600
13 2,300 518,500
14 2,210 187,500
16 2,980 169,300
16 2,970 114,300
17 3,000 100,000
1g 2,120 360,700
19 1,990 467,200
20 1,820 1,420,000
Group rad(Bolt clearance = +0.025")
1 4,340 43,400
2 4,970 51,700
3 §,900 13,200 -
4 6,390 11,900
5 6,620 13,200
6 3,870 37,600
7 3,600 50,300
8 2,490 180,500
9 2,320 1,281,000
10 3,000 93,300
11 4,780 33,800
12 5,590 . 21,900
13 6,720 9,100
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TABLE 20. FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECINENS OF 0.375-INCH
SHEET. UNIDIRECTIONAL LOADING (UNIVERSITY OF ILLINOIS)

(R = 40.25)
Specimen Meximum Cycles to
¥o. Load (Lbs.) Failure

Group Ace (Bolt clearance = +0.000")

1 4,350 51,600

2 5,150 103,300

E - 5,830 23,500

6,9 24,900

6 4,210 50,600

7 3,920 113,400

& 3,580 75,700

9 2,790 478,400

10 7,810 8,000

11 7,000 14,500

12 2,970 159,500

1 7.8390 7,600

1 3,u52 99,200

15 3,810 310,000

16 980 94,400

17 ., 180 70,200
Group Aac (Bolt clearance = +0.010%)

' 1 5,100 80,200

2 6,890 20,400

a 3,830 YE.hOO

3,000 54,700

5 3,140 117,000

7 5,170 50,)400

7,300 12,000

9 2,910 127,500

10 2,480 439,900

1 2,680 228,900
[Group Aad (Bolt clearance = +0.025"

1 7.&90 12,000

2 4,790 34,600

i 4,000 76,300

3,610 71,700

5 3,110 281,500

[ 2,490 371,800

8 6,170 19,600

9 3,230 104,700

10 . 5,550 26,200

!
il
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TABLE 21, FATIGUE-TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0.375-INCH
SHEET WITH BOLTS IN LINE OF 1.0AD. UNIDIRECTIONAL LOADING

(UNIVERSITY OF ILLINOIS)

5

. (R - "‘0025)
Wé
Specimen Maximum
No. Load (Lbs,) Cycles to Failure
Group Baa  (Bolt clearance = +0,000"
1 5,160 59,100
2 10,260 6,300
3 4,370 431,900
4 6,460 34,800
8 3,920 224,200
[} 3,020 462,400
7 4,400 188,500
8 4,820 125,200
9 7,620 34,200
10 9,330 18,700
Group Bab (B_oth clearance =+0.002%)
1 65,140 67,800
3 9,200 11,200
4 7,830 25,000
5 4,080 168,800
] 3,020 659,900
7 3,470 245,600
Group Bac __ (Bolt olearance = +0,010")
1 5,910 62,800
2 6,820 36,600
3 7,200 26,300
4 8,250 22,800
5 9,340 18,300
6 11,770 4,800
7 6,040 103,200
8 4,560 130,000
9 3,980 257,200
10 2,650 568,700
11 11,970 6,100
Group Bad _ (Holt clearance =+0,025")
1 10,440 15,500
2 7,200 46,000
3 5,690 88,300
4 3,740 250,900
5 12,440 7,000
8 2,690 2,689,000 No failure
7 3,020 1,917,200
8 4,580 188,300
] 8,430 256,300

: 11,760 8,100
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TABLE 22. FATIGUETEST RESULTS FOR THREE-BOLT SPECIMENS OF 0.375-INCH SHEET
WITH BOLTS IF LINE OF LOAD. UNIDIRBCTIONAL LOADING (UNIVERSITY OF ILLINOIS)

(R = +0.25)
Specimen Maximum Cycles to
¥o. Load (Lbs.) Failure
Group Caa (Bolt clearance = +0.000")

1 6,800 74,700

2 7,380 56,800

i 8,220 53,000
110 155,100

5 »390 296,800

6 9,980 32,700

7 11,880 17,600

8 4,010 312,300

9 3,580 1,107,700

10 3,800 943,200
11 13,940 10,700

Group Ced (Bolt clesresmce = +0.025")

1 - 6,010 131,900

2 8.030 63,700

E ,210 178,400
,190 736,600

5 ,120 436,600

6 10,090 28,600

8 12,100 22,700

9 14,010 10,000
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TABLE 23.

47

FATIGUE TEST RESULTS FOR SIX~BOLT SFECIMENS OF 0.,375-INCH

SHEET WITH TWO ROWS OF THREE BOLTS EACH, UNIDIRECTIONAL
LOADING (UNIVERSITY OF ILLINOIS)
(R = +0¢25)
F===========;=================F=:===================================ﬂ
Specimen Meximum
Nos Load (Lbs.) Cycles to Failure
Group Dee  (Bolt clearancs = +0,000")
2 17,960 60,600
3 13,940 554,600
4 16,9860 72,500
6 15,710 304,000
6 19,990 51,800
8 15,970 237,900
9 20,970 64,300
10 21,793 44,700
11 24,910 26,100
iz 12,010 469,700
13 29,620 16,200 .
i4 11,990 211,900
15 12,000 151,100
i8 10,910 30 ,200
17 10,030 413,800
Group Dad _ (Bolt clearance = +0,025")
1 16,090 306,400
2 18,060 1i0,900
3 14,200 644,200
4 19,920 61,300
6 21,670 47,200
6 23,990 54,200
7 26,140 26,500
8 17,410 135,100
9 29,660 20,600
10 30,720 14,300
11 31,660 12,600
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FATIGUE TEST RESULTS FOR NINE-BOLT SPECIMENS OF 0,375~INCH

SHEET WITH THREE ROWS OF THREE BOLTS EACH, UNIDIRECTIONAL
LOADING (UNIVERSITY OF ILLINOIS)

(R - +0125)

#w
Specimen Maximum
No. Load (Lbs.) Cycles to Failure
Group Easa (gg;t clearance = +0,000%
1 20,000 107,800
2 16,870 134,100
3 14,840 274,800
4 24,970 57,800
5 30,060 33,300
-] 35,940 19,700
7 42,010 8,600
8 13,070 1,048,300 No failure
9 13,840 313,600
Group Ead (Bolt olearesnce = +0,025")
1l 20,030 103,200
2 36,730 21,700
3 41,650 10,100
4 13,870 680,400
5 29,860 31,400
. 6 14,940 290,900
7 24,900 64,100
8 16,960 145,100
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TABLE 25. FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF 0.102-INCH
SHEET. REVIRSED IOADING (BATTELLY)

(R = -0.50)
Specimen Maximum Cycles to Pogition of
No. Load (Lbs.) Yallure Failure*
Group IT1R (0.000" to ~0.001" clearance)
21 3500 25,700 B
14 2600 24,100 A
9 . 2200 74,100 B
42 2200 54,500 A
20 2200 63,800 A
g ! 1900 56,300 A
5l 1800 118,200 B
5 1600 209,500 B
18 1380 375,000 A
4 1400 225,700
Yo 1300 405,000 B
E 1150 5 9,330 B
1 1090 1,843,400
12 1000 1,866,800 B
43 1000 811,700 B
15 900 . 2,344,700 B
17 850 4,749,000 B
Group 1DIR (0.002" ¢learance)
g 2600 22.900 B
6 2000 ° ,600 A
ug 2000 111,300 B
1500 355,200 B
Lg 1500 186,900 B
1500 8,100 B
11 1200 ggu,soo B
47 1200 461,400 B
2 1000 599,900 B
3 §00 2,218,500 B
Group 1L1R (0.010" clearance)
%3 . éﬁg 1,609,100 A
Group 1S1R (0.025" clearance
— 38 1600 Lok, goo B
39 800 1,418,500 B

* A indicates fatigue crack through bolt hole.
B indicates fatigue crack at edge of hole. See Figure 8.
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TABLE 26, FATIGUE- TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0,102-INCH
SHEET WITH BOLTS IN LINE OF LOAD, REVERSED LOAD ING
(BATTELLE )
(R - -0 . 50)
Specimen Position of
No. Load (Lbs.) Cyoles to Failure Failure
Grou 2R__(0.000" to ~0.001" clearance
46 1800 362,000 B
41 1500 836,500 B
40 1000 1,740,000 . B
Grow 2R (0,002" clearance
7 4200 3,800 A
9 4000 49,000
8 3800 53,700
&6 3400 35,000
& 2700 44, 700
4 2100 227,100 B
42 2100 226,600
41 1600 472,100
1 1400 302,700
40 1200 1,214,000
3 1000 2,456,100 B
43 1000 3,049,200
10 800 ).8,430, 700
Group 1L2R (0.010" clearance)
56 3000 86,900 A
46 2000 332,300 A
42 1750 472,000 B8
40 1250 963, 700 B
43 9200 1,713,400 B
44 800 7,685,900 B
Group 1L2R (tight £it in a loose hole)
65 2600 148,300 A
51 2000 312,500 B
52 1300 880,500 B
563 1000 3,226,200 B
54 860 2,767,800 B
Group 1Q2R (0,060" clearanes
6 2600 165,400
3 1600 482,800 B
7 1200 2,263,200 B
1 1000 1,316,500 A
4 860 8,168,000

# A indicates fatigue oraok through bolt hole,

B indioates fatigue creok at edge of hole,
8ee Figure 8,

1030
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TABLE 27. FATIGUE-TEST RESULTS FOR THREE-BOLT SPECIMENS OF 0.102-
INCE SHEET WITH BOLTS TRANSVERSE TO IOAD. REVBRSED LOADING

(BATTELLE)
(R = ~0.50)
Spscimen Maximum Cycles to Position of|
No. Load (Ibs.) Failure Failure*

Group 1D3R (0.002" clearance)

1 - Looo 221,600 B
6 3200 - 729,200 B
2 2800 . 2,161,300 B
5 2600 2,155,700 B

* A indicates fatigue crack through bolt hole. B indicates fatigue
creck at edge of hole. See Figure 8

TABLE 28. TFATIGUB TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF 0.102- e
INCH SHEET. REVERSED LOADING. (UNIVERSITY OF ILLINOIS)

{R = ~0.50)*
Specimen Actual Corrected®* Cycles to
No. * . .
R, Ma.?lb]’:ﬁd Ha:beIsrc:a).d Failure
Tight bolt fit. (cleerance 0,000" to -0.001W)
92 -0.148 1590 1570 87,
99 -0.51 1610 1620 189,400
93 -o.Ea 1380 1400 332,500
87 -0.49 1130 1120 206,800
89 -0.51 920 933 326,200
100 -0.50 g4o 8 802,900
91 -0.52 10 720 1,871,600
B93 -0.kg 1610 1600 319,200\ Specimens
B92 -0.51 1220 1230 579,900 \machined at
BSO -0.56 1020 1050 352,800 [Battelle,
B9l -0.50 880 880 1,961,000 ?:sged gt
Drill f£it (clearance 0.002") RERE
98 -0.49 1520 1510 88,400
ok -0.47 1680 1660 120,900
95 ~0.47 1170 1150 336,600
96 -0.48 970 960 560,500
97 -0.L6 glo 820 1,229,200

Toose bolt fit {clearance 0.010%)

101 -0.52 950 960 214,700

* Nominel ratio is -0.50, Ry is the actual test ratio.

* Moximum load corrected (see Appendix II) to correspond to the nominal
load ratio R = -=0.50.
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TABLE 29. FATIGUE TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0.102~INCH
SHERT WITH BOLTS IN LINE OF LOAD., REVERSED LOADING.
(UNIVERSITY OF ILLINOIS)
(R = -0.50)*
m - ?— ——— e — ————— |
Specimen Actual Corrected*™* Cycles %o
No. Bg* Max, Loagd . Load Failure
(Tbs. bs.)
Tight tolt fit. (clearance 0.000" to -0.001")
106 ~0.47 1710 1680 256,600
109 -0.51 1400 1410 383,600
110 -0.46 1350 1320 610,500
107 -0.51 1170 1180 869,000
108 -0.55 1030 1060 1,367,900
Drill fitv (clearance 0.002%)
119 ~-0.52 1840 1860 154, 100
122 -0.1g 1630 1610 220, 700
120 ~0.54 1330 1360 o2, 200
121 -0.47 1120 1100 840, 100
123 -0.46 930 910 1,134,000
Loose bolt fit. (clearance 0.010")
111 -0.53 1480 1500 148,500
112 -0.4g 1350 1340 306, 700
11 -o.Ez 1120 1130 893, 300
] R —

* The nominal ratio is -0.50, Ry is the actual load ratio.

*¥ Maximum load corrected (see Appendix II) to correspond to the nominal
load ratio R = -0,50.
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TABLE 30.

1030

FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF 0.125-INCH

SHEET. REVERSED LOADING.
(BATTELLE)
(R = -0.50)
e
Specimen Maximum Cycles to Position of
No. Zoed (Lbe.) Failure Failure*
oup 2T 0.000" to ~0.001" clearance)
L7 4000 3,800 A
L5 3600 19,700 A
by 3000 31,600 B
2 2500 95, 100 B
40 2000 139, 200 B
b2 1400 413,900 B
1;3 1200 £03,000 B
1000 1,58k, 300 B
L6 850 1,565,900 B
L4g 800 2,630,900 B
Gro 2D1R (0,002" clearance)
3 2600 57, 700 A
1 1500 361, 800 B
5 1100 1,077,800 B
7 960 1,842, 600 B
8 860 2,264,000 B
9 800 4,096,000 B
10 800 2,400,000 B

* A indicates fatigue crack through bolt hole; B indicates fatigue

crack at edge of hole.

See Pigure 8.

TABLE 31, FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF 0.156-INCH
SHERT. HEVERSED LOADING (BATTELLE)
(R = =0.50)
— ——— —

Specimen Maximum Cycles to Position of

No. Toad (Lbe,) Failure Failure*
Group 3D1E (0.002" clearance)

6 2200 231,900 ‘A

8 1300 2,657,400 B

* A indicates fatigue crack through bolt hole; B indicates fatigue crack

at edge of bolt hole.

See Figure 8.




54 NACA TN No. 1030

TABLE 32. FATIGUE TEST RESULTS FOR SINGLE-BOLT SPECIMENS OF O.187-INCH
SHEET. REVERSED LOADING., (BATTELLE)

(R = -0.50)
Specimen Maximum Cycles to Position of
No. Load (Ibs.) Failure Failure®
Group MT1R (0.000" to ~0.001" clearance)
47 5000 2,600 B
8 3600 43,400 A
L6 3600 43,600 A
uz 3200 52,600 B
2800 92, 700 B
2 200 148, 700 B -
4 2200 285, 700 B
6 1800 589, 600 B
Lo 1500 777,700 A
L 1300 4,151,400 B
3 1100 1,069, 400 A
42 1100 3,040,600 B
7 1000 8,823,400 B
L5 1000 2,243,400 B
43 900 »8,511,000
Group UD1R (0.002" clearance)
L 1300 ' 1,449,200 B
6 1300 1,658,600 B
3 1000 . 6,258,600
5 1000 1,658,600 B
Group 4TL1R (0.010" clearance)
1 2000 357,000 A
2 1400 992,900 B
5 1000 4,862,200 B

* A indicates fatigue crack through bolt hole; B indicates fatigue
crack at edge of hole., Sew Figure 8.
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TABLE 33, FATIGUE TEST RESULTS FOR T¥WO~-BOLT SPECIMENS OF 0.187-INCHE
SHEET WITH BOLTS IN LINE OF IOAD. REVERSED LOADING.

(BATTELLE)
(R = -0.50)
Specimen Maximum Cycles to Position of
Yo. Load (Lbve.) Fallure Failure*
l@roup UD2R (0.002" clearance)
5 4500 25,900 A
3 3600 L9, 300 iy
1 2800 125,600 A
2 2000 34k, 300 B
i 1500 1,134,800 B
6 1250 1,840,200 B
roup U4Q2PR (0.050" clearance)
6 41000 150, 700 B
3 3000 125, 600 B
1 2000 366,100 B
4 1500 966, 800 B
5 1200 2,278,800 B

* A indicates fatigue creck through bolt hole; B indicates fatigue
crack at edge of hole. See FPigure 8.

TABLE 34. FATIGUE TEST FESULTS FOR SINGLE-BOLT SFECIMENS OF 0.250-
INCH SHEET. REVERSED LOADING. (BATTELLE)

(R = -0.50)
Specimen Ma:.:imum Cycles to Position of
¥o. Load (Lbs.) Failure Failure*
Group STIR (0.000" to —0.001" clearance) -
g 4200 1&.200 B
3000 90,600 B
Z 2000 477,400
9 1300 - 1,573,600 A
10 1000 > 10,419,700
Group SDIR (0.002" clearance) -
6 4200 18,200 A
L 3600 41,000 A
2700 222,500 A
g 2000 673,900 B
5 1500 © 1,195,000 B
1 1000 > 10,185,400

* A indicates fatigue crack through bolt hole. B indlicates fatigue
crack at edge of hole. See Figure 8.
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TABLE 35. FATIGUE TEST RESULTS FOR TWO-BOLT SPECIMENS OF O.375-INCH SHEET
WITH BOLTS IN LINE OF LOAD. REVERSED LOADING. (UNIVERSITY OF ILLINOIS)

(R = ~0.50)
Specimen Meximam Cycles to
No. Load (Lbs.) Failure
Group Bca (Bolt clearance = 0.000")

1 4,910 90,900

2 7.gho 10,200

ﬁ 5,430 51,000
3,980 212,200

5 3,520 8,100

6 2,990 245,500

7 3,230 372,200

8 6,990 18,200

10 3,210 527,100
11 6,010 54,800
12 6,010 30,900

TABLE 36. FATIGUE TEST RESULTS FOR THREE-BOLT SPECIMENS OF 0, 375-INCH
SHEET WITH BOLTS IN LINE OF LOAD. REVERSED LOADING (UNIV. OF ILLINOIS)
(R = -0.50)
Specimen Maximum Cycles to
¥o. Load (Lbs.) Failure
Group Cca (Bolt clearance = 0.000")

1 5,210 9,300

2 , 1,200

E 7,930 20,100

9,810 6,500

5 g,900 22,900

6 8'170 11,400

7 ,000 163,300

8 4,580 105,900

9 3,190 897,800

10 3,400 206,100
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TABLE 37. FATIGUE TEST RESULTS FOBR SIX~BOLT SPECIMENS OF 0.375-INCH SHEET
WITH TWO ROWS OF THREP BOLTS EACH. REVERSED LOADING. (UNIV. OF ILLINOIS)

(R = ~0.50)
Specimen Maximum Cycles to
¥o. Load (LWs.) Failure

Group Dea (Bolt clearance = 0.000"

12,030 73,400

1
2 10,010 385,700
E 10,970 160,600
12,910 73,000
5 13,930 9,100
6 1 ,sﬁo 9,600
7 17,920 24,000
g 19,960 28,300
9 21,690 12,100
10 9,590 14%,100
11 £,990 287,800
12 8,010 287,400

TABLE 38. TFATIGUE.TEST RESULTS FOR RINE-BOLT SPECIMENS OF 0.375-INCH SHEET
WITH THRET ROWS OF THREE BOLTS EACH. REVERSED LOADING. (UNIVERSITY OF ILLINOIS)

(R = ~0.50)
Specimen ) Maximm Cycles to
Yo, Loed (Lbs.) Failure
Group Ece (Bolt clesrance = 0.000")

1 13,880 97,100

2 16,990 156,200

i 19,850 32,300
2k, 850 15,800

5 28,310 6,100

6 15,850 77,700

7 11,000 213,400
g 10,060 795,200

| Group Bed (Bolt clearance = +0.025")

1 20,240 39,700
2 25,060 14,800
a 29,090 6,100
22,050 40,600
5 15,870 78,500
6 13,030 409,300
7 11,180 374,200
g 12,940 272,500
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TABLE 39. FATIGUE TEST RESULTS FOR COUNTERSUNE SINGLE-BOLT SPECIMENS
OF 0.156-INCH SHEET. (BATTELLE)

(B = 40.25)

Specimen Maximum Oycles to Posgition of
No. Load (Lbs.) Failure Failure*

Group 7D1U (0.002" clearance)

Countersunk 1/2 way through sheet

g 3600 37,300 A

2000 267,000 A

5 1200 2,219,500 B

6 1100 5,286,000 B
Coantersunk all the way through top sheet

9 3600 5,500 A

7 2000 17,200 A

11 1200 126,200 A

12 1000 1,062,700 A

* A indicstes fatigue crack through bolt hole. 3B indicates
fetigue crack at edge of bolt hole. See Figure 8.

TABLE 40. RESULTS OF FATIGUE TESTS ON BOLTED-JOINT SPECIMENS OF 0.102-INCH
SHEET AND WITH HIGH VALUES OF BOLF TORQUE. REVERSED LOADING (BATTELLE)

(R = ~0.50)

Specimen Bolt Torque Meximum Cycles to
¥o. (Inoh-Lbs.) Load {Lbs.) Pailure
50 300 3200 18,400
Lg 198 2600 33,300
L2 108 2000 > 8,200
u7 198 2000 84,000
41 108 1500 160,400
43 108 : 1200 311,800
4o . 108 1000 800,000
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TABLE 41. FATIGUE TEST RESULTS FOR SFRCIMENS OF 0.125-INCH SHEEET WITH BOLTS
OF 1/4" AND 15/32" DIAMETERS. UNIDIRECTIONAL LOADING. (BATTELLE)

Specimen Maximum Gycles to Position of
No. Loed (Tbs.) Failure Pailure*
Group X2L1U (0.010" clearance — 1/4" bolts)
7 L4500 . Looo A
5 3500 45,500 . A
L 2600 72,700 B
g 2000 228,700 B
1500 i:s,ooo B
8 1100 1,421,300 B
Group X271V (0.000" +0-0.001" clearance — 1/4" bolts)
3 3800 22,300 B
2 2800 12L,600 B
1 © 2000 285,400 B
4 1500 640,000 B
5 1100 3,270,000 B
[6xoup Y2T1U (0.000" to —0,001" clearance — 15/32" bolts)
6 200 18,500 A
y Eooo 501300 B
1 2800 197,300 B
2 2000 384,400 A
g %goo %.ggs,uoo A
50 ,300 B
5 1100 3:333.600 B

* A indidetes fatigue crack through bolt hole. 3B indicates fatigue crack
at edge of bolt hole. See Figure 8. :

TABLE 42. VARIATION OF FATIGUE STRENGTH AND RATIO OF BOLT DIAMETER T0
SHEET THICKNESS

Fatigue Strength (Lbs.) of
Shest Bolst Single~bolt Specimen at
Thickness(t) Diameter(D) B = +0.25 _

(Inch) ('Inch) D/t 10"cycles | 107cycles | 10%cycles
0.102 3/8 3.66 4200 2300 1150
0.125 7/16 3.50 5550 3300 1600
0.125 3/8 3.00 4gs0 2800 1350
0.187 3/8 2.00 6000 3700 1810
0.125 /4 2.00 4200 2700 1220
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TABLE 43, FATIGUE TEST RESULTS FOR TWO-BOLT SPECIMENS OF 0,102-INCH SHEET
¥ITH BOLTS HAVING DIFFERENT FITS. (BATTELLE)

(R = +0.25)
Specimen Maximm Cycles to Position of
No. ‘Load (ILbs.) Failure Pailure*
Group lTLEU (one bolt, 0.000 to 0.001" clearance;
other bolt, 0.010" clearance)

2 6000 27,900 A

1 Looo 83,500 B .
g 2800 267,400 A

; 1500 947,000 A

* A indicates fatlgue crack through bolt hole. B indicates fatigue crack
at edge of hole. See Figure 8.

TABLE U4, FATIGUE TEST RESULTS FOR THREE-BOLT SPECIMENS OF 0.102-INCH SHEET
WITH BOLTS HAVING DIFFERENT FPITS. (UNIVERSITY OF ILLINOIS)

(R = 40.25)*

bpecimen Actual Corrected Cycles to

No. Ra* . Lo?d Mex. Load** Failure
Lbs. (Tbs.)

151 +0.26 3060 3020 104,200

153 +0.27 2650 2600 159,100

155 40.125 2u50 2750 630,500

158 +0.25 20 20 2,254,000

* Fominal ratio is 40.25, Ra is the zctual test ratioc.

** Maximum load corrected (see Appendix II) to correspond to the nominal
load ratioc B = +0.25.
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TABLE U5. UNIDIRECTIONAL FATIGUE TEST RESULTS ON 0.102-INCH SHEET MATFRIAL
(R = +0.25)
Specimen Maximum Load Cycles %o
Test No. Lbse. p.s.i. Failure Remarks
Unnotched sheet a 6540 64,000 34,700
5120 50,000 98,500
1 3830 38,000 276,000
2 3050 30,000 902,100
6 2772 27,000 | >5,335,200 Removed but
2772 27,000 |+ 1,704,900 later reloaded
5 2560 25,000 |>16,555,500 Did not fail
Sheet notched by
bolt hole 8 5500 36,000 12,900
1 3475 30,000 63,400
4 3410 30,000 53,500
6 2720 24,000 100,500
2 2314 20,000 269,800
3 2316 20,000 266,500
5 2280 20,000 174,700
7 2050 18,000 235,400
10 1901 16,500 319, 300
9 1724 15,000 6,751,500
Sheet notched by 3 5240 45,000 123,900 Bolts drawn to
bolt hole with 2 2896 25,000 14,203,800 108-inch pounds
Ttight" fitting
bolt 5 3999 35,000 25,000 Bolt not
7 2982 26,000 412,900 tightened
Sheet notched by 2 3800 33,000 306,500 Bolts drswn to | -
bolt hole with 3 2h27 21,000 1,121,000 108-inch pounds
¥1loose" fitting
Bolt 6 2995 26,000 73,500 Bolt not
tightened
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TABLE 46. UNIDIRECTIONAL FATIGUE TEST RESULTS FOR 0.102-INCH SHEET
(UNIVERSITY OF ILLINOIS)
(R = +0.25)*
Specimen Actual Corrected** | Cycles to
Yo. R _* Max. Load Max. Load FPailure
a Xivs.) (Tbs.)
01 +0,24 5950 6010 202,000
02 +0,24 4750 4200 455,300
03 +0.23 3770 3840 880,600
05 +0.25 3980 3920 1,282,600
o4 +0.25 3460 3460 3,uuo,5oo No
fracture
(R = +0.67)*
011 +0.63 10,500 11,200 112,800
09 +0.58 9,700 11,100 171,000
019 +o.6z 8,050 8,600 585,400
018 +0.6 6,750 7,100 2,031,400
(R = ~0.50)
08 -0.55 6,000 6,160 31,900
06 -0.45 ,020 4,910 119,200
012 -0.50 ,050 4,050 200,600
010 -0. 3,060 3,060 339,600
o7 -0.47 3,040 3,000 1,256,300

* The nominal ratio is +0.25.

Ra ig the actual tust retio.

#* Maximum load corrected (see Appendix II) to correspond to the
nominal load ratio R = +0.25.

TABLE 47. UNIDIRECTIONAL FATIGUE TEST RESULTS FOR 0.102-INCH SHPET.

SPECIMENS 1.5—-INCHES WIDE WITH-3/8-INCH ~ D. HOLE.

OF ILLINOIS)

(UNIVERSITY

(R = 4+0.25)*
Spegimen t
§°- Ry* (;?Eaéd ﬁorziftag to ggf%ﬁ?e
S S.
008 40,25 2920 2920 1M ,300
001 +0.25 2520 2520 ,900
006 +0.2 2110 2110 277 200
007 +0.2 1760 1740 1,11k,600

* The nominal ratio is +0.25.

** Maximum
nominal

ocad cor
oad. ratioc

Rg 18 the actual test ratio,
ted (S dix II)} ¢t orrespond to th
rected SO?SS?PPen ) to correspon e



RACA TN No. 1030 . 63

TABLE 48, UNIDIRECTIONAL FATIGUE TEST RESULTS FOR 0.102-INCH SHERT.
SPECIMENS LOADED THROUGH PIN BEARINGS. (BATTELIE)

(R = +0.25)
Specimen Maximum Cycles to
Yo. Load (Lbs.) Failure
Specimens loaded through a single 3/8" pin .

264 3000 10,400 —

2¢B 2500 35,100

1D1R30L 2000 b4, 300

1D1R30U 1500 131,800

27A 1000 374,500

304 800 571,300

294 600 >3,499,500

ecimens loaded through two 3/8" pins

368 3800 24,400

gw 3000 . 41,300

14 2800 103,500

I5B 2000 341,600

354 1500 1,077,600

ITA 1200 2,900,000

TABLE 49. LOADS SUPPORTED BY STATIC FRICTION OF LAP JOINTS

Sheet Bolt
Type of Gege Torgue Frictional
Specimen (Inch) {Inch-Pounds) Load (Lbs.)*
Single-Bolt 0.102 108 580
0.102 180 900
0.187 108 580
0.187 198 860 !
0.187 300 ‘ 1190
Two bolts In line
with load 0.102 108 790
0.187 108 800
0.187 198 . 1460
0.187 300 18U0

* The frictional loads recorded are tensile
loeds at which bolt slip (in a siightly .
elongated bolt hole) was first apparent.
The values were reproducible, for a given
specimen or for two similar specimens, to
about ¥10 per cent.
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TABLE 50. ZELONGATIONS OF BOLT HOLES IN SINGLE-BOLT TEST PIECES

1030

(BATTELLE)
Maximum Cycles Final
Bolt Specimen Load, to Elongsation,
Pt Number Pounds Failure Inch*
Unidirectional Testing (B = 40.25)
tpight" (~0.0005" 27 4,500 3,400 0.026
tolerance) 6 4,200 16,500 0.011
' 2 3,000 30,500 0.003
26 2,200 75,800 0.003
28 2,200 138,200 0.002
2 2,100 122,000 0.000
29 1,300 1,233,100 0,001
"Dri1l" (4+0.002"
tolerance) - 3,600 -— 0.009
"Loose®™ (40.010"
tolerance) 5 4,500 10,600 0.034
1 4,000 13,100 0.016
2 2,500 79,500 0.003
Reversed Loading (R = —-0.50)
mpight? (~0.0005"
tolerance) 22 3,500 > 4,000 > 0.007
1L 2,600 24,100 0.003
8 1,900 56,300 0.002
tpriil® (40.002"
tolerance) 1 3,000 > 3,100 70.037
5 1,500 S4,500 0.011
—_— 1,200 — 0.001
2 1,000 599,900 0.000+

* Increase in longitudinal direction of

diameter of bolt hole —~ measured after
failure on bolt hole of uncracked half
of test piece.
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DEFLECTION OF JOINT DURING TESTING

(BATTELLE)
Measured Rlongation of
Time of Deflectlion, Bolt Ko;_,_]i,g_g__(_z
Measurement Inch(l) cOmputed_—(a) Measured X
Specimen 34. Unidirectlonal Loadi_ng()"‘)

1st Cycle Min, Load 0.0070 0.002

Max. Loed 0.0302
10th Cycle Min. Load 0,020 0.008
: Max, Loead 0.030
1000th Cycle |Min. Load 0.0226 0.009

Max. Load 0.0293
62,300 Cycles | (Failure) 0.0086

ISpecimen 47. Reversed Loa.digg(5)

1st Cycle Min, Load 0.0038 0.002

Max, Load 0.0072
1000th Cycle |Min. Load 0.0016 0.001

Mex. Load 0.0057
Aftgr 1.6 x |Min, Tosd 0.0018 0.001
102 Cycles Max, Loed 0,0056 i
461,400 Cycles| (Failure) 0.0005

(1) Measured slip of the joint sterting from a "zero®
under mild compressive load.

(2) Computed as one-half deflection minus bolt
tolerance (0.002 inch}.

(3) Measured efter fallure on uncracked half
of specimen,

{(4) Specimen 3L:

Single-bolt test plece, "drilli" fit,

loaded at 3600 pounds mex. at R = +40.25.

(5) Specimen U7:

Single~bolt test piece, "drill" fit,

loaded at 1200 pounds max. at R = -0.50.

TABLE 52.

SPECIMENS REMOVED DUB TO EXCESSIVE
VIBRATION OF TESTING MACHINE*

(Single-Bolt Specimens of 0.102-Inch Sheet, at R = -0.50)

65

Maximum Losad, Number of Cycles at
Bolt Fit Poungds ¥Which Specimen Was Removed
s gny 3500 3300
"Dri1l® 3000 3100
"Toose" 1000 * 5000

* Recorded at Battelle for one particular testing machine.



NACA TN No.

1030

;.
1
I

66
TAFLE 53, ZEFFECT ON FATIGUE STRENGTHS OF INCREASING THE NUMBER OF
BOLTS IN THE DIRECTION OF LOADING
Sheet pecimen Static Maximum Loads** (Lbs./Bolt)
Gage Number of Strength for Various Lifetimes 2t = +0.2
(Inch) | Type™ Bolts (Ibs. /Bolt) 10* Cycles| 103 Cycles|10° Cycles
A, Unidirectionsl loading
0.102 A 1 5200 Lhoo 2300 1180
Battelle| ¢B 2 3800 3200 1900 g50
Tesats ¢ 3 2330 2330 1530 600
Illinoie| f4 1 {5200) 2050 1050
Tests B 2 (3800) 1275 650
0.125 A 1 6200 5000 2800 1320
c 3 3200 3000 1830 830
0.187 A 1 8500 6000 3750 1800
B 2 7200 4100 2530 1250
0,375 A 1 700 Lkooc 2400
B 2 g 2500 1600
c 3 670 2170 1200
B 6 (2 rows) E 2910 18%0
¥ 9 (3 rows) 670 2220 1470
Maximum Load (Ibs./Bolt)
Reversed Loadi |for Various ILifetimeg at R = ~0.R0
0,102 A 1 5200 3700 2000 980
Battelle| (B 2 3800 1500 630
Tests
Illinois 1 Eszoo) 1700 850
Tests B 2 3800) 1000 550
0.187 A 1 8500 4goo 3000 1450
B 2 7200 1580 750
0.375 B 2 %000 200 1450
c 3 3070 1500 1070
B 6 (2 rows) Looo 1910 1250
T |9 (2 rows 3000 1830 1000

*

See Figure 1 for details of various specimen types.

#* 7Values read from solid line curves in load-life diagrams.

3
n
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TABLE 54, FATICUE STRENGTHS OF SINGLE-BOLT SPECIMENS AND
OF SPECIMENS WITH A ROW OF 3 BOLTS
Sheet acimen Specimen 2 i
Test Gege ¥o. | Load= ¥o. | Load®| Ratio
Condition (Inch) Typet | Bolte|(Ibs.) | Typel| Bolte|(Ibs.)|Strengthe
Static 0.102 A 1 | 5200 c 3 {15,700| 3.0
R = 40.25, 1 2300 c 3 6,500{ 2.8
105¢eycles
R = -0.50, A 1 2000 ¢ 3 5,000 2.5
109 cycles
Static 0.187 1 8500 c 3 |25,400] 3.0
106 cycles
R = 40.25, 0.375 B 2 5000 . 6 |17,500| 3.5
105 eycles
Ditto c 6500 by 20,000| 3.1
R = ~0,50, B 2 L4800 E 11,500 2.h
105 cycles
Ditto c 3 4600 ¥ 9 |16,500{ 3.6
1. Details of specimen types are given in Figure 1.
2. ZIoad velues for fatigue tests are read from solid- o

line curves 1n preceding load-life dlagrams.
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Figure 2. Typical static failure of
single~bolt test pieces. (Battelle)
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Figure 8. Typical fatigue failures in
specimens of 0.102-inch sheet.
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9000
8000 \é‘
~  Ra=MIN. LOAD/ MAX. LOAD=+0.25 \ A
7000 .
B Nt (A) SINGLE BOLT
6000 AN (G) THREE 8OLTS IN
N LINE OF LOAD
B A—>
5000 s AN
- BOLT 2 \ \
2000 SYMBOL CLEARANGE o <
‘ 2 +0002" \ D
.| @  +o.0l0" \ \
3000 4 -6 N
N ¥ \9
\$ \
2000 \\@ ®
i N \69\
N s 9
1500 \  pa~——
B N
e\
\A\
1000 A
— ®
900 _
’ B o Lttt [ AT | RN L1t 11
ot 5108 10° 5-10°  10% 5104 0% 510° 108 5108 107

‘ON NI YOVH

Q20T

8 ‘314




MAXIMUM LOAD IN POUNDS

8000
7000 - - - =
[ o R= MIN. LOAD/ MAX. LOAD= +0.25
6 S
000 -]
- A &
50
00 BOLT N
"t | SYMBOL GLEARANGE - N
a + 0.002" s
4000 ® +0010" \
N\
b TV VN P _____ ‘__e
a @\
2000 d
N \e A

1500 : \AQ

- =]
N'\-_
AA @-—3—
F s
A
1000 I I AT Lo 1) Lol 1 lllll R O
102 5102 103 50% 10* 5-0% 103 5-10° 108 5108 107

GYGLES TO FAILURE

FIGURE 10~ FATIGUE CURVE , UNIDIRECTIONAL LOADING , SINGLE-BOLT SPEGIMENS OF 0.156" SHEET.
(BATTELLE) :

o1 34

*OR KL YOVN

020t




9000
8000

7000

6000

5000

8
=

MAXIMUM LOAD IN POUNDS
g
(=]

g

1500

1000

- Rz MIN. LOAD/MAX. LOAD= + Q.25
= - BOLT

“-o.%
SYMBOL CLEARANGE

0000" TO . o
-0.001

+0.002"

+0.010"
+0.025" o
+0.050" &

CoPp x
O 5

A~ P.Ow,
X

.
_\o\x o
. ; \
o—néxiﬂ
\
o O—>
B s
G"D—}_
. gttt | I | S [ N R I I T I I
5102 109 5902 104 5104 108 5105 108 5108 107

"GYCLES TO FAILURE.

FIGURE 11-FATIGUE GURVE, UNIDIRECTIONAL LOADING, SINGLE-BOLT SPEGIMENS OF Q. 187" SHEET.
(BATTELLE)

*Of KL YOVX

0201

*374

1T




MAXIMUM LOAD IN POUNDS

9000

6000

5000

4000

3000

2000

\T—D
- . o .
"n;(—a\ \\
= A—"'\ i \
\ o x
)
L. \ x .
R=MIN. LOAD/ MAX. LOAD = +0.25 \\ ou% N
BOLT
" |SYMBOL GLEARANGE \ \ \
. 0.000" To . 0
-0.001 N
. s +0.002" N N\ N
& +0.010" \
° +0.025" e §
T | \ N\
i BOLT PATTERN *x \
B {SEEFI8. ) \\ \
{A) SINGLE BOLT <
(B) TWO BOLTS IN
| LINE OF LOAD u\:a-.._.,l
(D) THREE BOLTS TRANS-
VERSE TO LOAD -
\
- i
] ] ¢ { 11t 1 { | 111 | {111 | [ | ] 111 | 11411
102 5-102  |0% 5103 0% 5104 103 5105 106 5108 107

GYGLES TO FAILURE
FIGURE 12— FATIGUE CURVES, UNIDIRECTIONAL LOADING, SPECIMENS OF Q187" SHEET. (BATTELLE)

BT *314

‘ON HL YovX

020t




MAXIMUM LOAD IN PQUNDS

LR LI L] LILLI Ll Pt T ] T 1 TT1 T T 1 URLLA
7000 - 0 X R=MIN. LOAD/ MAX. LOAD =+ 0. 25
X oP .
6000
5000
4000 H BOLT
SOURCE SYMBOL GLEARANCE
[{unmiv. oF___ x . o.000'T0-0.001*
Ju.uuom 0  +0.025"
BATTELLE-~-W 0.000 T0 ~0.00("
2000
L ~ ﬁ
1500 !’
1 4 | 114 1 [ ) 1)) 1 [T | 111y N I T ) 111 | 1 ] L1y
102 5-102 (03 5103 104 5104 109 5-106 106 5108 (07
GYGLES TO FAILURE
FIGURE 13- FATIGUE CURVES, UNIDIRECTIONAL LOADING, SINGLE~BOLT SPECIMENS OF 0.250" SHEET

"ON HI VOVH

o201

*3Td

21




5000
8000 oy
- 2 R=MIN, LOAD /MAX, LOAD= +0.25
7000 = <
B BOLT '\
9 6000 {SYMBOL GLEARANGE Oy
z n x 0.000" TO o
3 -0.001" @ o)
0. 5000 @ +0,010" AN
-4 o +0.025" e
- : \
O 4000 L) —
- ® X
g = oX )
- o
x @
; 3000 g'n \LJ&
. o \
B )
e | 1 1 | 11 1 [ | l 1 H 1 | | | |+ 11 | 111 | [ | 4 11
ZUUL
102 510t 03 5102 104 5104 105 5105 106 5108

{UNIV. OF ILLINGIS)

CYCLES TO RAILURE
FIGURE 14 - FATIGUE CURVE, UNIDIRECTIONAL LOADING, SINGLE-BOLT SPEGIMENS OF 0.375" SHEET.

10!

*81d

149

"ON NI VOVN

ogot




MAXIMUM LOAD IN POUNDS

12,500

10,000
9,000
8,000

7,000

6,000

5,000

4,000

3,000

o L
@ .
_ BOLT o o R=MIN. LOAD / MAX, LOAD = 4+ 0.25
SYMBOL GLEARANGE . )
0.000" TO P
- X -0.001" h\a
B A +0.,002" o
® +0.010" &
B o +0.025" A\x
O p
= X \
BOLT PATTERN Y
- (SEE FIG. 1)
{B) TWO BOLTS IN ax—a:
LINE OF LOAD X 0
I~ 6\
A X\$ X
X
N 0 \
A \
X © f—t -0
| | | 1111 | |} ] 111 | ] - | 1 11l { 1] 111l | I | 1 1
102 5102 103 5107 104 50 108 510% 108 5-10°

CYGLES TO FAILURE

FIGURE 15- FATIGUE CURVE, UNIDIRECTIONAL LOADING, TWO-BOLT SPEGIMENS OF 0.375" SHEET. (UNIV.
OF ILLINOIS)

*Of NI YOVHE

“Btd DEOT

=1




R= MIN. LOAD / MAX. LOAD = +0.25
15,000 .
12,000 \ o BOLT PATTERN
BOLT "\ (SEE F16. 1)
(C) THREE BOLTS IN

0,000 |symBoL OLEAR{\NQE Ouy LINE OF LOAD
[t ™ 0.000" T0 \
[=] [
4 3000 -0.00I“
3 R 0.025 N

X

o 8000 0
£ B X
[a]

7000
-4
9 - N
= 6000 DO
2
g -
x X 0
< AN
g 5000 \

i X
To) (o]
4000 X %
3000 L1 1 1Ll - N [ A [ R I I
102 5-102 103 5103 104 5-10¢ (05 5105 108 5-10

FIGURE 16 - FATIGUE CURVE, UNIDIRECTIONAL LOADING, THREE-BOLT SPECIMENS OF 0.375" SHEET.
(UNIV, OF ILLINOIS)

CYCLES TO FAILURE |

107

T *3%d

‘ON NI VOVK

020T




30,000

20,000

15,000

MAXIMUM LOAD IN POUNDS

10,000

J R= MIN. LOAD/ MAX. |L.OAD= +0.25

Y ;
Ox
NP

BOLT PATTERN

(SEE FIG. 1)

8OLT X o
SYMBOL GLEARANGE x{ (E) TWO ROWS OF
" THREE BOLTS
o oo DX EAGH,
o - +0,025" x\
X %0
\ x O
\ Xo
XX %

X \

[
X
Lo 1l Lo b L1 vl L1 baltl L 1111
02 5-108 |03 5-103 104 5-104 105 5105 |08 5-106

FIGURE 17 — FATIGUE CURVE, UNIDIRECTIONAL LOADING, SIX-BOLT SPECIMENS OF 0.378" SHEET. (UNIV.

OF ILLINOIS)

CYCLES TO FAILURE

107

*OR R1I vovH

Q20T

L1 *3t4




MAXIMUM LOAD IN POUNDS

L
50,000
| R=MIN. LOAD/ MAX. LOAD= +0.25
N
40,000} X Ga _ _
N BOLT PATTERN
- BOLT xp (SEE F18.1)
YMBOL " CLEARANGE \ (F) THREE ROWS OF
30,000 0.000" TO x THREE BOLTS
X ~-0.001" © EACH.
o +0,025" \\
20,000 \
x\
15,000 %o
. ~
~..2___
12,500 -
L1y Lol Lt b Ll | A
102 5102 10? 5103 104 510t 108 5105 10% 508

o

ST 1la)

(UNIV, OF ILLINQIS

)

GYGLES TO FAILURE

FIGURE 18 - FATIGUE CURVE, UNIDIRECTIONAL LOADING, NINE-BOLT SPECIMENS OF 0.375" SHEET.

107

“314

8T

‘OR R1I vovx

0201




NACA TN No. 1030 | Fig. 19

36574

Figure 19. Fatigue fallures of three-bolt
joints in 0.375-inch sheet.
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Figure 20. Character of fatigue failure for joints
with three bolts in a transverse row
connecting 0.375-inch sheet.
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FIGURE 35— FATIGUE GURVES, UNIDIRECTIONAL LOADING, SINGLE-BOLT SPEGIMENS OF 0.125"
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FIGURE 39 ~ FATIGUE CURVES FOR 0.102" SHEET LOADED THROUGH PIN BEARINGS . {BATTELLE)
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Fig. 40 NACA TN No. 1030
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Figure 52. Krouse fatigue testing machine (used at Bettelle)
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NACA TN No. 1030 Fig. 55
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Figure 55. Tension-compression specimens mounted
in fatigne testing machine.



Fig. 56
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A, B: Olled paper raised from steel plate by the
thicknese of sheet used in test plece.

¢, D: Spacers (cut for particular specimen thickness)
to separate plates.

Tigare 56. Ouide plates for single-bolt test pleces
in reversed loading. (Battelle)
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Figure h6. MHoore-Krouse fatigue testing machine.

(University of Illinois)
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15,000 pound direct-acting fatigue testing
nachine. (University of Illinois)



50,000 pound lever-type fatigue testing
(University of Illinois)

Figure 61.
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Fig. 63 NACA TN No. 1030

r-13
o e e 3"—-44-1‘5‘- <— 3" e "
g - L" % OPEN
+ P OPEN HOLES 52 ’ z ¥ OPEN
-ty
| Ny i N
"ol A A A AR b A T
. ? / L/ %y Qﬂ I \J/ 3/ . ?N
13 ‘_:' . ! ] -_- =
'J.N { - N VZ Sz U N p Tl
¥ Y ! ' .t it
'—W . ﬂ ’ X ] -’_!1“-
'S N _ N7z A i
ol d L \v > A\ ; —65— A '-?v- |
e TN ¥
! , HE NS |
3ll¢ . '"
= ® BoLT & NUT /-—-7——1 $X — WASHER
—Lo | T i ‘ :
f . : L H : 1 I i ]
= " tj n ] T
i I"6x b WASHER .i— %"’BOLT & NUT

=15
< ' [y ey '“u-— A e e "
4" OPEN HOLES e aﬂ POMILI I 1“;"' S 1S4 OPEN HOLES
! . b i
ﬂ'q* —
[ ST Swe W Y S R
'—IN t ) H L} _lN
= 7 | T -
GO AN\ 1 _ Y =
T A4 - -, S
——N H | l . _—1\,
{ U N V7 N7 N7 N\ S § N
ol Y Y O\ Y T iy
1 /~ . e N 1 s
' LU 1 . I—‘ ! [}
"X 1y vmsnsrc%'i 5T | '
. . T 1 HE R

i ; : x
. C T :} T HH HH HH 'T )
> ' =
1 u ' 3" mio
o x L wasker / ’ ] ; I § BOLT & NUT

(B) THREE BOLTS IN A ROW, THREE ROWS TRANSVERSE TO DIRECTION OF STRESS

FI6.63 - FATIGUE TEST SPECIMENS USED AT UNIVERSITY OF ILLINOIS
FOR 0.375" SHEET.



[ ATI0- 1175 !
TITLE: The Fatlgue Characterlstics of Bolted Lap Joints of 24S-T Alclad Sheet Materials [

____(None)
AUTHOR(s}: Jackson, L. R.; Wilson, W, M.; Moore, H. F. ——{Hone)
ORIGINATING AGENCY: National Advisory Committee for Aeronautics, Washington, D. C. TN-i030
PUBLISHED BY: (Same) PUSLISKING AGENCY NO.
DATE DOC, CLASS. COUNTRY LANGUAGE PAGES HUSTRATIONS
.__Oct 46 Unclass, U.S. ] Eng. I 229 I photos, tables, diagrs, graphs
ABSTRACT:

Fatigue tests on lap joints of 245-T alciad sheet of various thicknesses joined by steel
bolts showed that bolt flt has no Influence on joint lifetime under unidirectional or
reverse loading. Two or more bolts in line with load Increase fatigue strength but not
proportlonally to number used. For given boit diameter and pattern, fatigue strength

of bolted iap jolnts does not increase proportionaily to sheet gage used. Bolted joints
under reverse loading were mltigated by uslng tight bolts and torques as high as allowed
by other considerations.

DISTRIBUTION: Request copies of this report only from Orlginating Agency
DIVISION: Stress Analysis and Structures (7) SUBJECT HEADINGS: Joints, Bolted - Strength (54064)
SECTION: Structural Theory and Analysls

(Methods (2)
_ATI SHEET NO.: R-7-2-14
Air Division, HH P AlR TECHNICAL INDEX ‘Wright-Patterson Air Force Baso
Air Materio]l Commond Dayton, Ohio

r 3






